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Creation of ultracold RbCs molecules
Michael Peter Köppinger
Abstract
This thesis reports the investigation of the scattering properties of a mix-
ture of Rb and Cs and the formation of ultracold Feshbach molecules. The
production of Feshbach molecules is a crucial step towards the production of
ultracold polar molecules, which is of significant interest for a wide range of
potential applications.
We have investigated the scattering properties of a mixture of 85Rb and 133Cs
in their lowest spin channel in a magnetic field range from 0 to 700G. Fur-
thermore, we explored the Feshbach spectrum of 85Rb alone in both, the
(f = 2,mf = −2) and (2,+2) states up to a magnetic field of 1000G.
Additionally a Feshbach resonance in a (2,+2) + (3,+3) spin mixture was
experimentally confirmed.
We associated Cs2 Feshbach molecules using a Feshbach resonance at 19.9G.
2.1(1)× 104 molecules with a temperature of ∼ 60nK were produced from a
sample of 3.28(2)× 105 Cs atoms with a PSD of 0.20(1). Due to a magnetic
field gradient, the molecules ‘bounce’ at an avoided crossing between two
states at 13.5G. This gradient field was also used to produce multiple
molecular clouds from one atomic sample. A combination of both techniques
led to a ‘collision’ between two Cs2 clouds.
Furthermore, we associated up to ∼ 5000 heteronuclear 87RbCs Feshbach
molecules using an interspecies resonance at 197.1G. Confined in the dipole
trap the molecules have a lifetime of 0.21(1) s. We have measured the mag-
netic moment of the molecules in different internal states in a magnetic field
range from 181 to 185G.
Molecular loss spectroscopy on electronically excited states was performed
to identify candidates for the intermediate state of a STIRAP transfer of the
molecules into their rovibrational ground state. Subsequently, the binding en-
ergy of the rovibrational ground state was measured to be 3811.574(1) cm−1,
using two-photon spectroscopy.
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Introduction
1.1 Cold atoms and molecules
The field of atomic physics changed fundamentally with the invention of the
laser 50 years ago [1, 2]. The highly monochromatic light made possible
much more precise spectroscopy of atoms and molecules. Subsequently the
ability was developed to cool and trap atoms in the microkelvin regime using
lasers, giving vastly increased control of quantum systems [3–9]. This led to
the award of the 1997 Nobel Prize in Physics to S. Chu, C. Cohen-Tannoudji
and W. D. Phillips [10–12].
Even lower temperatures are achievable through subsequent evaporative cool-
ing [13], which can lead to the formation of a Bose-Einstein Condensate
(BEC), first observed in 1995 [14–17]. The Nobel Prize in Physics 2001 was
awarded to E. A. Cornell, W. Ketterle and C. E. Wieman [18, 19] for the
realisation of atomic samples in this state of matter, where a macroscopic
ensemble of bosons occupy the same quantum state at finite temperature.
The existence of this phase transition from a thermal gas to BEC was pre-
dicted by S. N. Bose and A. Einstein [20, 21] in the 1920s. More recently it
was possible to load ultracold atoms into an optical lattice potential [22, 23].
Here, a previously unknown level of control of the internal state of the atoms
and decoupling from external influences is achieved.
All these advancements led to the question of whether it is possible to produce
an ultracold sample of molecules. Specifically, the realisation of a sample of
1
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polar molecules in an optical lattice potential would open the door to many
experiments, including quantum simulation of condensed matter systems [24–
27], quantum computation [28, 29], precision measurement [30–32] and con-
trolled chemistry [33, 34]. Polar molecules possess a permanent electric dipole
moment similar to Rydberg atoms [35] and hence exhibit an anisotropic, long
range dipole-dipole interaction, compared to isotropic, short-range contact
interactions in ultracold atomic samples [36].
Unfortunately, an easy adaption of the cooling techniques used for atoms
is not possible for molecules. Laser cooling is only applicable to a small
fraction of atomic species where a (nearly) closed transition between two
states exists. Molecules generally have a much more complex level structure
than atoms, including rotational and vibrational levels. Therefore, it is very
difficult to find good transitions for cooling. Although laser cooling of cer-
tain molecules has become possible by selecting transitions with favourable
Franck-Condon factors, where only a small number of states are populated
after many scattering processes, and large progress has been made in this
field over the last few years [37–39], this technique is still very complex and
not well investigated yet.
Generally, there are two different ways to produce a cold sample of molecules
[40]:
• Direct cooling of molecules: A sample of stable molecules is produced
at a high temperature and subsequently cooled to low temperatures.
• Association of ultracold atoms: A sample of atoms is cooled to ul-
tralow temperature before association techniques are applied to form
molecules.
Direct cooling of molecules When the molecules are cooled directly,
often a combination of different techniques for the production of a molecular
beam, slowing and cooling is used. The starting point is usually a supersonic
beam source or a buffer gas cooled molecular sample, where molecules are
cooled by collisions with a cryogenic helium buffer gas [41–43]. Molecules
from a buffer gas cooled source can be loaded directly into a static magnetic
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trap [44] and sympathetically cooled [45]. Sisyphus cooling, a technique well
known for atoms, has also been applied to electrically trapped molecules [46].
Many techniques have been developed to decelerate a beam of molecules to
a velocity where they can be loaded into a trap. Changing electric [47–49]
or magnetic [50–53] fields or a varying optical potential [54] can be used to
remove kinetic energy from the molecules. Other experiments bring molecules
to rest by changing the inertial system [55, 56] or using the energy released
during a chemical reaction [57].
Although the techniques have the advantage of being generally applicable,
the temperatures reached with these techniques are in a range between a few
mK and several K. This leads to low phase-space density (PSD) samples and
thus the molecules are not suitable to investigate ultracold quantum gases.
Therefore, other techniques have to be used to produce a molecular sample
with a temperature below one µK and a PSD close to unity.
Association of ultracold atoms In the second approach, atoms are
cooled to ultralow temperatures using well-developed laser and evaporative
cooling techniques. Subsequently, molecules are either formed via photoas-
sociation [58] or magnetoassociation [59].
During the photoassociation process, two colliding atoms absorb a photon and
form an electronically excited molecule. Due to the Franck-Condon principle,
the photoassociation takes place at relatively large internuclear separations
and generally, the excited molecules decay into two free atoms [60]. To in-
crease the probability for decaying into stable ground state molecules, excited
states with good Franck-Condon factors for transitions to the ground state
at small internuclear separations have to be used. A sample of Cs2 in a high
vibrational excited level was formed this way in 1998 [61].
This technique was also used to produce a sample of cold 85RbCs molecules
[62, 63]. In these experiments, a relatively large fraction (7%) of the photoas-
sociated molecules decayed into one long-lived level (a3Σ+, ν = 37). These
molecules were then transferred into the vibrational ground state using a
laser-stimulated state transfer process. However, the molecules were in dif-
ferent rotational states, the temperature was ∼100mK and the sample had
a low PSD.
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A single photoassociation step was sufficient to produce LiCs in the absolute
rovibrational ground state [64], where the transition probability from the
chosen vibrational level of the electronically excited state to the absolute
ground state is large.
In another experiment, photoassociation was applied to 41K and 87Rb atoms
[65]. After the molecules decayed into their electronic ground state, Stimu-
lated Raman Adiabatic Passage (STIRAP) [66] was applied to transfer the
molecules into their rovibrational ground state [67].
The second indirect way to produce ultracold molecules is the magnetoas-
sociation of molecules from an atomic sample. Atoms are first cooled close
to quantum degeneracy before sweeping the magnetic field across a Fesh-
bach resonance. These resonances were first observed in 1998 in homonu-
clear samples [68, 69], and in 2004 in heteronuclear mixture experiments
[70, 71]. Since then, Feshbach resonances were detected in numerous ultra-
cold homo- and heteronuclear samples [72]. In 2003, the first homonuclear
ultracold molecules were formed using this technique [73–79], before het-
eronuclear molecules were associated in mixtures of KRb [80], LiK [81, 82],
87RbCs [83], NaK [84] and NaLi [85]. This development led to BECs of
weakly bound molecules [86–88].
Feshbach molecules are in a very highly excited state and thus are only very
weakly bound. Their binding energy is only in the range of a few MHz
compared to, for example, the ∼110THz binding energy of the ground state
of 87RbCs. The weakly bound molecules are not stable and have a negligible
dipole moment [89], hence the molecules need to be transferred into their
absolute ground state, which can be done using the STIRAP technique. Since
magnetoassociation takes place at small internuclear separations, generally
two transitions with good Franck-Condon factors exist, that can be used
to transfer the Feshbach molecules via an electronically excited intermediate
state into the absolute ground state. This was achieved in 2008 with Rb2 [90],
Cs2 [91] and with a heteronuclear sample of KRb molecules [92]. Ground state
KRb molecules are still the only ultracold sample of polar molecules with a
high PSD at this time. Recently, it was possible to measure spin-exchange
interactions in experiments using these molecules in an optical lattice [93].
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Currently, many groups are working on experiments for the production of
a polar molecular sample using a combination of magnetoassociation and
STIRAP transfer to the absolute ground state using different combinations
of atoms, suitable for laser cooling [85, 94–99].
In this thesis, our work towards the realisation of a polar sample of ground
state 87RbCs molecules using this combination of techniques is described.
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1.2 Thesis overview
The thesis is structured as follows: In chapter 2, the basic background the-
ory for understanding the results is described. It covers the description of
scattering at low temperatures and the origin of Feshbach resonances, before
a model for the STIRAP transfer is given and the potentials of the 87RbCs
molecule are described. In the following chapter, an overview of the experi-
mental apparatus and the techniques used to produce an ultracold mixture
of Rb and Cs are described. The optical system for the implementation of
STIRAP is discussed in chapter 4. Here, an overview of the experimental
requirements is given before optical cavities are described and the Pound-
Drever-Hall (PDH) locking scheme is introduced. The following four chapters
(5 to 8) represent the results part of this thesis. The investigation of scat-
tering properties and search for Feshbach resonances in a mixture of 85Rb
and Cs (chapter 5) and 85Rb alone (chapter 6) are presented. After this,
the magnetoassociation of Cs2 molecules and experiments utilising control of
their internal state are presented in chapter 7. In the final results chapter,
our work on 87RbCs molecules is described. First, the magnetoassociation
of the heteronuclear molecules is presented, before work on weakly bound
molecules and spectroscopy on vibrational levels of an electronically excited
state and the rovibrational ground state are shown. Finally, an outlook on
future experiments, including STIRAP transfer to the absolute ground state
of 87RbCs molecules and experiments using 85Rb rather than 87Rb, is given
in chapter 9.
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Bose-Einstein condensation of 87Rb in a levitated crossed dipole
trap
D.L. Jenkin, D.J. McCarron, M.P. Köppinger, H.W. Cho, S.A. Hopkins and
S.L. Cornish
Eur. Phys. J. D 65 11-18 (2011)
A high phase-space density mixture of 87Rb and 133Cs: towards ul-
tracold heteronuclear molecules
H.W. Cho, D.J. McCarron, D.L. Jenkin, M.P. Köppinger and S.L. Cornish
Eur. Phys. J. D 65 125-131 (2011)
Dual-species Bose-Einstein condensate of 87Rb and 133Cs
D.J. McCarron, H.W. Cho, D.L. Jenkin, M.P. Köppinger and S.L. Cornish
Phys. Rev. A 84, 011603 (2011)
Feshbach spectroscopy of an ultracold mixture of 85Rb and 133Cs
H.W. Cho, D.J. McCarron, M.P. Köppinger, D.L. Jenkin, K.L. Butler, P.S.
Julienne, C.L. Blackley, C.R. Le Sueur, J.M. Hutson and S.L. Cornish
Phys. Rev. A 87, 010703 (2013)
Feshbach resonances in ultracold 85Rb
C.L. Blackley, C.R. Le Sueur, J.M. Hutson, D.J. McCarron, M.P. Köppinger,
H.W. Cho, D.L. Jenkin and S.L. Cornish
Phys. Rev. A 87, 033611 (2013)
Production of optically trapped 87RbCs Feshbach molecules
M.P. Köppinger, D.J. McCarron, D.L. Jenkin, P.K. Molony, H.W. Cho, C.L.
Blackley, C.R. Le Sueur, J.M. Hutson and S.L. Cornish
Phys. Rev. A 89, 033604 (2014)
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Chapter 2
Background Theory
In this chapter, the basic theory necessary to understand the results and
motivation of this work is described. First, an overview of the properties of
polar molecules is presented before a short description of ultracold scattering
and Feshbach resonances is given. After this, a simple outline of the STIRAP
process is given as a motivation for the optical setup described in chapter 4.
Only a brief introduction is given here and more details can be found in
several review papers [17, 40, 59, 66].
2.1 Dipole moments and heteronuclear
molecules
In the introduction, it was pointed out that ultracold polar molecules
open the door to many novel experiments. Their characteristic property
is the long-range, anisotropic dipole-dipole interaction, which contrasts the
isotropic contact interactions usually taking place in ultracold atomic sam-
ples [100]. Particles can have both, magnetic and electric dipole moments (µ
and d respectively). The maximum energy due to dipole-dipole interactions,
when all dipoles point in the same direction, is [36]
Vdd =
Cdd
4pi
1− 3 cos2 θ
r3
, (2.1)
where Cdd is the coupling constant equal to d2/0 for an electric dipole d and
9
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Figure 2.1: Angular dependency of dipole-dipole interactions according to
equation 2.1. The separation between the dipoles is r and the angle between
the internuclear axis and the direction of the dipoles is θ. The interactions
are repulsive for particles sitting side by side and attractive with twice the
strength for dipoles in a ‘head-to-tail’ orientation. The interactions vanish
for θ ' 54.7◦
µ0µ
2 for a magnetic dipole µ and 0 is the permittivity of vacuum and µ0 the
permeability of vacuum. Here, r is the distance between the particles and θ
is the angle between the axis connecting the two particles and the direction
of the polarisation. From this equation, the long range behaviour (1/r3) and
the anisotropic character (1− 3 cos2 θ) are apparent. The latter factor varies
from −2 to 1 as the angle θ varies from 0 to pi/2 (see figure 2.1), thus the
interactions can be repulsive or attractive. The interactions vanish for the
angle θ = arccos(1/
√
3) ' 54.7◦.
The coupling in the electric case is typically larger than in the magnetic case.
The electric dipole moment is of the order of d ∼ qea0, with the electron
charge qe and the Bohr radius a0, whereas the magnetic dipole moment is of
the order of µB. This leads to a ratio between the strength of the magnetic
over the electric dipole moment of the order of µ0µ2
d2/0
∼ 10−4.
The absolute strength of dipole-dipole interactions can be expressed by the
dipolar length [36]
add =
Cddm
12pi~2 , (2.2)
where m is the mass of the particles. This makes it possible to compare the
interaction strength due to dipole-dipole interactions in an ultracold sample
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to the one from short-range interactions as described by the s-wave scattering
length a. The ratio between them is
dd =
add
a
. (2.3)
The definition for the dipolar length is such that a homogeneous condensate
is unstable against 3D collapse when dd ≥ 1.
To produce a polar system using molecules, a heteronuclear molecule with
a permanent dipole moment has to be chosen. When an indirect cooling
method is applied, the constituent atoms need to be suitable for laser cooling.
This narrows the choice of species. The relevant properties of some suitable
molecules are presented in table 2.1 together with the properties of selected
atoms. The molecules have to be in the absolute ground state since the
dipole moment is proportional to r−7 [101] and is vanishingly small for higher
rovibrational states. Finally, an external electric field has to be applied to
orient the molecules. The dipole interactions can be tuned by the strength
of the electric field (see figure 9.3).
Table 2.1 shows the beneficial properties of RbCs. The molecule is stable
against atom exchange reactions of the form 2RbCs → Rb2 + Cs2 since this
reaction is endothermic [102]. Furthermore, a relatively small electric field
gradient is required to induce a relatively large electric dipole moment. The
rotational constant of the ground state Brot = 1.66× 10−2 cm−1 is relatively
small and the critical electric field (Ecrit), at which the molecules possess 1/3
of their maximum dipole moment, is Ecrit = Brot/d [103].
2.2 Feshbach resonances / basic scattering
theory
Ultracold atoms interact through collisions, which can be divided into two
types. Elastic collisions make evaporative and sympathetic cooling possi-
ble and lead to thermalisation of an atomic sample, while inelastic collisions
lead to heating and trap loss. During an experiment both types of collisions
are always present and must be kept in a high elastic to inelastic collision
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Species Dipole moment add (a0) Ecrit (kV/cm) Stable
87Rb 0.5µB 0.2
133Cs 0.75µB 0.6
52Cr 6µB 15
168Er 7µB 49
164Dy 10µB 133
KRb 0.62 D 4.5× 103 3.7 No
RbCs 1.24 D 3.2× 104 0.8 Yes
KCs 1.91 D 5.9× 104 1.0 Yes
LiCs 5.53 D 4.0× 105 2.1 No
Table 2.1: Dipole moment and dipolar length for various atoms and molecules
in their rovibrational ground state. For molecules, the critical electric field
Ecrit is also given at which the molecules possess 1/3 of their maximum dipole
moment. The last column states if the molecule is chemically stable. (Data
taken from [72, 102–107]).
ratio, such that cooling is possible without large losses, i.e. efficient. Only
then can a degenerate sample be produced. The interactions between ultra-
cold particles can be described by a single parameter, the s-wave scattering
length. The scattering length changes with magnetic field due to Feshbach
resonances, which makes it possible to control the interactions in an ultracold
atomic sample.
2.2.1 Basic scattering theory
Here we consider scattering between two particles in the positions ~r1 and ~r2
with masses m1 and m2 [108]. The interaction potential between the two
particles is V (~r1, ~r2). Since the scattering problem is reduced to an effective
single-particle process, the reduced mass mr = m1m2m1+m2 and the scattering
potential described by V (~r) = V (~r1−~r2) is used. The relative velocity of the
two particles is ~v and the relative momentum is ~p = mr~v. From this follows
the relative wave vector ~k = ~p/~ with k = |~k|.
To describe the relative motion of two atoms, the Hamiltonian
H = ~p2mr
+ V (~r) (2.4)
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is used. The incident particle is described by a wave packet consisting of
a superposition of plane waves Ψ(~r) = ei~k·~r, which leads to solutions of the
form
Ψ~k(~r) = e
i~k·~r + fk(θ, φ)
ei
~k·~r
r
. (2.5)
In this expression, the incident wave is split after the collision into the unper-
turbed part e−i~k·~r and a scattered spherical wave fk(θ, φ) e
i~k·~r
r
. fk(θ, φ) is the
scattering amplitude depending on the relative wave vector and the angles θ
and φ. To calculate the value of fk(θ, φ), the three dimensional Schrödinger
equation has to be solved, which is complicated except for special cases. To
circumvent this problem, the fact is used that the interaction potential is
spherically symmetric V (~r) = V (r), which means that the scattering am-
plitude only depends on θ. This makes it possible to expand the incident
and scattered wave functions and write them in a set of spherical harmonic
functions. Since θ is the only variable, the Legendre polynomials Pl(cos θ)
can be used. Therefore, the scattering amplitude depends on the angular
momentum quantum number l and can now be written as
f(k, θ) = 12ik
∑
l
(2l + 1)
(
e2iδl(k) − 1
)
Pl(cos θ)
= 1
k
∑
l
(2l + 1) e2iδl(k) sin δl(k)Pl(cos θ),
(2.6)
where δl is the phase shift between the specific case and the free particle case,
where (V (r) = 0), for each outgoing partial wave l = 0, 1, 2, . . . .
The differential scattering cross section
dσ
dΩ = |f(
~k)|2 (2.7)
is the number of particles scattered per unit time into the solid angle Ω.
Integrating equation (2.7) over all angles gives the total scattering cross-
section
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Figure 2.2: The two scenarios are identical in the case of scattering of indis-
tinguishable particles.
σ = 4pi
k2
∑
l
(2l + 1) sin2 δl(k). (2.8)
So far, only distinguishable particles were considered in this discussion. This
means that it is possible to distinguish the two cases presented in figure 2.2.
Their corresponding scattering amplitudes are f(k, θ) and f(k, pi − θ). The
particles involved in atomic and molecular collisions however are often not
distinguishable and the two cases cannot be discriminated. This means that
the wave functions must be (anti-)symmetric for bosons (fermions) and their
scattering wave functions have the form Ψ(~r1, ~r2) =  · Ψ(~r2, ~r1) with  =
+1(−1) for bosons (fermions). Equation (2.5) can now be rewritten as
Ψ~k(~r) = e
i~k~r + e−i~k~r +
(
f(k, θ) + f(k, pi − θ)
)eikr
r
, (2.9)
and the differential cross section now is
dσ
dΩ = |f(k, θ) + f(k, pi − θ)|
2, (2.10)
with θ ranging between 0 and pi/2. The Legendre polynomials possess a
parity of (−1)l which leads to cancellation of all odd (even) partial wave
contributions for bosons (fermions). The contribution of even partial waves
is doubled for bosons and odd partial waves have no effect. The scattering
cross section for bosons is
σ = 8pi
k2
∑
l even
(2l + 1) sin2 δl(k), (2.11)
and for fermions the sum over all odd partial waves has to be taken. This
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Figure 2.3: The effective potential Veff building the centrifugal barrier ac-
cording to equation (2.12). Here, the centrifugal barrier for the l = 1 partial
wave is shown. Values for C6 are listed in table 2.2.
is only true for collisions within a single species. When collisions can occur
between different bosons as in the Rb–Cs experiment, odd partial wave col-
lisions can also happen and the factor of 8pi in equation (2.11) is reduced to
4pi.
2.2.2 Low energy collisions
In general, several partial waves are involved in the scattering process of
particles and therefore contribute to the scattering cross-section. For higher
order modes (l > 0), a centrifugal term ~2l(l+ 1)/(2mrr2) arises which leads
to an effective barrier superimposed on the long range part of V (r)
Veff(r) = −C6
r6
+ ~
2l(l + 1)
2mrr2
. (2.12)
This term leads to a barrier suppressing collisions of higher order partial
waves below a certain temperature. The effective potential for Rb–Cs scat-
tering of l = 1 is shown in figure 2.3. This barrier suppresses all but s-wave
scattering below a temperature of 54µK. At higher temperatures, p-wave
collisions contribute to the elastic cross section. The barrier for d-wave scat-
tering in this mixture is 282µK high. The first centrifugal barrier in Rb
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Species C6 (a.u.) Partial Wave
Centrifugal
Barrier (µK)
Rb–Rb 4709 d-wave 412
Cs–Cs 6890 d-wave 180
Rb–Cs 5694 p-wave 54
d-wave 282
Table 2.2: C6 coefficients for the scattering partners relevant for this work
in atomic units [83, 109, 110] and the temperature below which only s-wave
scattering contributes to the elastic cross section. Conversion of the C6 coef-
ficients into SI units is performed by multiplication with a60 and the Hartree
energy Eh = ~2/(mea20).
(Cs), where d-wave collisions contribute, is 412µK (180µK) high. The d-
wave threshold is higher than the temperature in a MOT and thus d-wave
collisions are not considered in a cold atom experiment. However, p-wave
scattering is possible in a mixture experiment and thus contributes to the
scattering properties between Rb and Cs in the magnetic trapping stage.
At low temperatures, the energy of the particles is not large enough to over-
come the centrifugal barrier for partial waves l > 0 (see table 2.2) and access
the interaction region. The scattering cross section for pure s-wave collisions
is
σ = 8pi
k2
sin2 δ0(k). (2.13)
The scattering phase shift scales as δl ∝ k2l+1 at low energies where the
relative wave vector k → 0 [108]. The s-wave scattering length can be defined
as
a = − lim
k→0
tan δ0(k)
k
, (2.14)
and the resulting scattering cross section, neglecting influences due to the
effective range, can be written as [111]
σ0 =
8pia2
1 + k2a2 . (2.15)
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Two limits can be found for this equation. At large velocities ka  1, the
scattering cross section is
σunitarity =
8pi
k2
, (2.16)
independent of the scattering length and limited by the relative energy of the
particles. This is called the unitarity limit. For low velocities, where ka 1,
the scattering cross section is
σultracold = 8pia2, (2.17)
and hence is isotropic and only depends on the s-wave scattering length a,
not on the particle energy any more. In this ultracold limit, the interactions
are equivalent to scattering of hard spheres with radius a. The value for a can
be positive or negative, where a positive scattering length describes repulsive
interactions and negative values describe attractive interactions between the
particles.
2.2.3 Feshbach resonances
Feshbach resonances are one of the core elements used in the work for this
thesis. Both the change in scattering interactions with magnetic field between
ultracold particles, discussed in chapters 5 and 6, and the production of
weakly bound molecules, presented in chapters 7 and 8, rely on the existence
of Feshbach resonances.
A Feshbach resonance occurs when two colliding atoms have the same energy
as a bound state of a higher lying potential. This situation is presented in
figure 2.4(a). The energy of two colliding ultracold atoms is very small and
can thus be described by the asymptotic far field energy of their molecular
potential. This is represented by the open channel in figure 2.4. When
another, higher lying potential (closed channel) supports a bound state at
an energy close to the one of the two atoms, coupling between the states
leads to mixing of the two channels. In general, the magnetic moments of
the open and closed channels are different, which makes it possible to tune the
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Figure 2.4: (a): A Feshbach resonance occurs when the energy of a bound
state of a closed channel is degenerate with the energy of two atoms scat-
tering in the open channel. (b): An atomic and a molecular state cross at a
Feshbach resonance. Coupling between the states leads to molecule forma-
tion while sweeping adiabatically across the resonance. (c): The evolution of
the scattering length at a resonance according to equation (2.21) is presented
in the top panel. The bottom panel shows the bound state existing at the
high scattering length side of the resonance. The binding energy is given
relative to the energy of the two free atoms.
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relative position of the states by changing the magnetic bias field. Feshbach
resonances generally exist for pairs of alkali-metal atoms due to the coupling
provided by the difference between the singlet and triplet potential curves
and the magnetic dipolar interaction between the electron spins [112].
From the experimental point of view, a Feshbach resonance causes a change
in scattering length a with magnetic field B of the form [113]
a(B) = abg
(
1− ∆
B −B0
)
. (2.18)
Here, B0 is the field at which the scattering length is infinite (the ‘pole’ of the
resonance), ∆ is the theoretical width of a Feshbach resonance (the difference
in magnetic field from the pole to the closest zero crossing of the scattering
length) and abg is the background scattering length away from the resonance.
Its value is determined by the position of the last bound vibrational level of
the open channel. A plot of the function is presented in the top panel of
figure 2.4(c). Since a Feshbach resonance can be used to adjust the s-wave
scattering length, the interactions in an ultracold sample can be controlled
over a wide range. This can be used to optimise evaporative cooling and to
tune the interactions in a BEC [114].
2.2.4 Feshbach molecule formation
Molecules can be formed by a magnetic field sweep across a Feshbach reso-
nance [115]. This mechanism is pictured in figure 2.4(b). The energy of the
two free atoms is lower on one side of the resonance and the energy of the
bound molecule is lower on the other side. Since the two states are coupled,
the population follows the avoided crossing from one state into the other dur-
ing an adiabatic magnetic field sweep across the resonance. The crossings
can be described within the Landau-Zener model where avoided level cross-
ings are characterised by two parameters: the coupling strength V is one-half
the energy splitting between the two states at the crossing point and ∆µ is
the difference in magnetic moment of the two states. Now the critical ramp
speed, r˙c in units of G/ms, can be defined as [116]
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r˙c = 10 · 2piV
2
~|∆µ| . (2.19)
The crossing is diabatic, hence the population stays in the same state for
fast magnetic field ramps B˙  r˙c . For slow ramps, B˙  r˙c , the population
is transferred adiabatically to the other state. This technique works in both
directions, hence the molecules can be dissociated by a magnetic field sweep
in the opposite direction. This model can be used for molecule association,
hence for avoided crossings between an atomic and a molecular state, and
for changing the internal state of Feshbach molecules which is possible due
to avoided crossings between two molecular states. Both types of crossings
are used in chapters 7 and 8.
The bound state exists on the positive scattering length side of a Feshbach
resonance and the relation between scattering length and binding energy of
this state for a very large scattering length is [117]
Eb =
~2
2mra2
. (2.20)
This bound state energy is shown in the bottom panel of figure 2.4(c). The
equation above is only valid in the non-linear part close to the pole of the
resonance. The binding energy is plotted relative to the energy of the two
free atoms. The slope of the binding energy with magnetic field is given
by the difference in magnetic moment of the two channels involved in the
Feshbach resonance and determines the magnetic moment of the molecules
in the appropriate state. When the magnetic moment to mass ratio of both
atoms forming the molecule are similar, which is true for Rb and Cs, the
levitation gradient for the atoms and molecules is similar for bound states
running parallel to threshold. This is important for atom-molecule separation
using the Stern-Gerlach technique.
2.3 Weakly bound molecular states
Knowledge of the scattering length and weakly bound-state energies are es-
sential for the work presented in this thesis. Hence, a close collaboration be-
Chapter 2. Background Theory 21
-460
-440
-420
-400
-380
-360
S
ca
tte
rin
g
Le
ng
th
(a
0
)
200 400 600 800 1000
Magnetic Field (G)
-500
-400
-300
-200
-100
0
E
ne
rg
y
(M
H
z)
L = 2 MF = 2
L = 2 MF = 3
L = 2 MF = 4
L = 2 MF = 5
L = 2 MF = 6
L = 0 MF = 4
Figure 2.5: Top panel: 85Rb s-wave scattering length in the (2,+2) state.
Bottom panel: Binding energy of weakly bound molecules with respect to
the energy of the free atoms in the (2,+2) state. Feshbach resonances are
marked with lines and their different colours indicate their value of MF (see
legend). All calculations in this figure are for Mtot = 4, corresponding to
s-wave scattering in the (2,+2) channel [123].
tween theory and experiment throughout the work was very advantageous.
All scattering lengths and bound state energies presented were calculated
by Jeremy Hutson’s group at Durham University. To obtain the s-wave
scattering length, coupled-channel calculations [118] are performed using the
MOLSCAT programme [119] as modified to handle collisions in external mag-
netic fields [120]. The bound states are calculated using the BOUND [121]
and FIELD [122] packages.
For accurate results, the potential curves and the number of bound states
have to be known. This information can be obtained from spectroscopic
work [124] and the precision increased by the experimental localisation of
Feshbach resonances [125, 126]. The potential curves used to determine the
85Rb–Cs scattering length were obtained by mass scaling between 87Rb–Cs
and 85Rb–Cs [127].
In figure 2.5, an example showing the 85Rb s-wave scattering length (top
panel) and binding energy of weakly bound 85Rb2 molecular states (bottom
panel) is presented. Narrow Feshbach resonances are indicated by vertical
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lines. A broad resonance exists at 851.3G, where the characteristic evolu-
tion of the scattering length at a Feshbach resonance can be observed. The
resonances appear where molecular bound states cross the atomic threshold
in the bottom panel. This picture can be compared to figure 2.4(c), showing
the general evolution of the scattering length and the corresponding bound
state at a Feshbach resonance.
The set of quantum numbers used for the near-threshold levels are slightly
different for Cs2 molecules and RbCs molecules. Cs2 molecules are described
by n(f1f2)FL(MF ), where n is the vibrational level counted from the least
bound state, fi are the zero-field levels of the atoms, F is the resultant of the
fi, L is the partial-wave angular momentum, and MF = m1 + m2 following
[110]. For RbCs molecules a different set of good quantum numbers is used
and they are described by |n(fRb, fCs)L(mfRb ,mfCs),Mtot〉 with the magnetic
sublevels mfRb and mfCs and the sum of all angular momenta projected onto
the field axis Mtot = mfRb +mfCs +ML [83].
2.4 Levitation using a magnetic gradient field
A magnetic gradient field can be used to control the vertical acceleration of
a particle with magnetic moment µ. When the magnetic gradient field has
the value such that
µ
∂B
∂z
−mg = 0, (2.21)
the particles are exactly levitated against gravity. This is used in the exper-
imental setup where the atoms and molecules are supported in the optical
dipole trap and to separate atoms and molecules using the Stern-Gerlach
method. Here different magnetic moment to mass ratios are used to obtain
different accelerations. The magnetic moment of atoms and therefore their
levitation gradient changes with magnetic bias field according to the Breit-
Rabi diagram. The levitation gradients for 85Rb, 87Rb and 133Cs at zero
magnetic field and for molecular states used in this work are displayed in
table 2.3.
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Species State Magnetic Magnetic LevitationField (G) Moment (µB) Gradient (G/cm)
87Rb (1,+1) 0 -0.50 30.5
85Rb (2,+2) 0 -0.67 22.4
133Cs (3,+3) 0 -0.75 31.1
133Cs2 -2(33)4g(4) 17 -0.9 51.9
133Cs2 -2(33)6g(6) 11 -1.5 31.1
87RbCs -1(1,3)s(1,3) 185 -1.33 29.1
87RbCs -6(2,4)d(2,4) 181.6 +1.5 -25.8
87RbCs -2(1,3)d(0,3) 181.0 -0.84 46.0
Table 2.3: Levitation gradient for different species used for the work pre-
sented in this thesis. The magnetic moment for atoms is given at zero mag-
netic bias field and that of the molecules at the relevant bias fields.
2.5 STIRAP
After the Feshbach association, the molecules are only weakly bound. These
molecules have a short lifetime in the range of 100ms and a negligible dipole
moment [101]. Due to this, an additional step is needed to transfer the
population into the absolute ground state. This can be achieved by Stim-
ulated Raman Adiabatic Passage (STIRAP) where two pulses of frequency
stabilised light are used for coherent state transfer of the population. The
two light pulses couple three states as shown in figure 2.6. In our case |1〉
is the Feshbach state, |2〉 an electronically excited state and |3〉 the abso-
lute ground state of the molecule. The states |1〉 and |2〉 are coupled by the
pump field ~EP(t) and the states |2〉 and |3〉 are coupled by the the Stokes
field ~ES(t). Generally, the initial and final states are long lived compared to
the time of the STIRAP transfer, whereas the intermediate state undergoes
spontaneous emission into a manifold of states.
The STIRAP process can be described by a three-level system coupled with
two electric fields
~E(t) = ~EP(t) cos(ωPt+ φP) + ~ES(t) cos(ωSt+ φS), (2.22)
with the frequencies of the two light fields ωP and ωS and their phases φP
and φS. The single-photon detunings from resonance of the two transitions
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Figure 2.6: Scheme of the STIRAP transfer. The initial state |1〉 and final
state |3〉 are coupled via an intermediate state |2〉. The coupling strengths
of the transitions driven by the pump (Stokes) laser are described by their
Rabi frequencies ΩP (ΩS) [128]. The detuning from resonance of the pump
(Stokes) laser is ∆P (∆S).
are described by
~∆P = (E2 − E1)− ~ωP,
~∆S = (E2 − E3)− ~ωS.
(2.23)
The Hamiltonian of a three-level system in the rotating-wave approximation
and neglecting losses can be written as
H(t) = ~2

0 ΩP(t) 0
ΩP(t) 2∆P ΩS(t)
0 ΩS(t) 2(∆P −∆S)
 . (2.24)
The eigenstates of this Hamiltonian for zero two-photon detuning
(∆P −∆S = 0) are
|a+〉 = sin θ sin Φ|1〉+ cos Φ|2〉+ cos θ sin Φ|3〉
|a0〉 = cos θ|1〉 − sin θ|3〉
|a−〉 = sin θ cos Φ|1〉 − sin Φ|2〉+ cos θ cos Φ|3〉.
(2.25)
The time varying mixing angle θ is defined by
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Figure 2.7: Top panel: Two Gaussian laser pulses induce the Rabi frequencies
ΩS and ΩP coupling the states |2〉 and |3〉 and the states |1〉 and |2〉 respec-
tively. The pulses are separated by the FWHM of the pulses. Centre panel:
Evolution of the mixing angle θ over time during the two pulses are applied.
Bottom panel: Population of the three states involved during the STIRAP
transfer. Note that the lossy intermediate state |2〉 is never populated.
tan θ = ΩP(t)ΩS(t)
, (2.26)
and the angle Φ is a function of the Rabi frequencies and detunings and is not
relevant for the following discussion [129]. Note that the intermediate state
|2〉 is not present in the eigenstate |a0〉. This makes it possible to transfer
the population from state |1〉 to |3〉 without populating state |2〉. As long
as ΩP = 0, the population is in state |1〉 and changes in the Rabi frequency
of the Stokes laser have no effect. The mixing angle can be changed slowly
from 0 to 90◦ by altering the ratio of the two Rabi frequencies. Thus the
population is transferred adiabatically from state |1〉 to |3〉. The evolution of
the relevant values in time during the STIRAP process is shown in figure 2.7.
So far losses from the intermediate state were not considered. Also the inter-
Chapter 2. Background Theory 26
mediate state is not meant to be populated during the STIRAP process and
thus a highly efficient population transfer of theoretically 100% is possible,
the state transfer in the |a0〉 state can be perturbed. This leads to a popula-
tion of the lossy intermediate state. The efficiency in experiments is limited
due to incoherence in the light fields [129, 130], but a transfer efficiency close
to unity can be achieved [66]. The efficiency of a STIRAP transfer can be
described by [130]
P = exp
(
−pi
2Γ
Ω20τ
− Dτ2
)
, (2.27)
with the natural linewidth of the excited state Γ, the pulse duration τ . D
is a factor describing the relative linewidth of the two lasers and Ω0 is the
reduced Rabi frequency where Ω0 =
√
Ω2P + Ω2S. The Rabi frequency is
defined as Ω = ~d · ~E/~ with the dipole matrix element ~d and the electric-field
amplitude ~E. The consequences of equation (2.27) for an experimental setup
are discussed in chapter 4.
2.6 RbCs molecular potentials
The STIRAP transfer relies on the existence of transitions that can be used
to couple the three states. The RbCs Feshbach molecules belong predomi-
nantly to the a3Σ+ potential and hence have triplet character and the final
rovibrational ground state of the X1Σ+ potential has singlet character. If all
the states would be described accurately by the Hund’s cases, selection rules
(∆S = 0) would prevent optical dipole transitions between these states. How-
ever, it was proposed that electronically excited states with mixed character
exist [89, 131–133] due to strong spin-orbit coupling in heavy alkali dimers.
Through strong mixing of the A1Σ+ and the b3Π+ state, common vibrational
levels of the two states exist that have mixed singlet and triplet character.
This makes coupling between the three states possible. The potential energy
curves supporting the states relevant for the proposed STIRAP scheme are
presented in figure 2.8. Another important factor is the coupling strength be-
tween the different states. Large transition dipole moments (Franck-Condon
factors) were proposed, since the turning points of the relevant potentials
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Figure 2.8: Molecular potentials involved in the STIRAP scheme proposed
[131, 132] and experimentally realised in the Innsbruck group [94]. The triplet
Feshbach state |1〉 is coupled to the singlet ground state |3〉 via a mixed
intermediate state |2〉. The transitions for the proposed STIRAP sequence
are indicated by arrows. The wavelength of the two lasers is λP = 1556nm
and λS = 980nm. The molecular term symbols are described in appendix A.
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were expected to lie above each other [132].
Possible candidates for the intermediate state due to singlet-triplet mix-
ing and relatively large transition dipole moments are in the range be-
tween 6300 cm−1 and 6600 cm−1 above the 5S1/2 + 6S1/2 threshold, which
corresponds to a wavelength between 1515 nm and 1587 nm [89, 94].
Since the binding energy of the absolute ground state is measured to be
3811.5755(16) cm−1 [94], these states lie 10111 cm−1 to 10411 cm−1 above the
ground state and require a wavelength between 960 nm and 989 nm.
However, later calculations proposed relatively small transition dipole mo-
ments [94]. Measurements by the Innsbruck group using the (v′ = 29, J ′ = 1)
intermediate state resulted in normalised Rabi frequencies of ΩP = 2pi ×
0.33 kHz/
√
mW/cm2 and ΩS = 2pi× 0.51 kHz/
√
mW/cm2 for the two transi-
tions of a STIRAP transfer performed in this group [134], where v′ describes
the vibrational and J ′ the rotational level of the electronically excited state.
This makes Rabi frequencies of the order of 500 kHz possible in a standard
setup as it is described in this work. Although this value is smaller than in
other experiments where several MHz are achieved [90–92], STIRAP transfer
is still possible in this system.
Chapter 3
Experimental apparatus
The experimental setup is explained comprehensively in former publications
and here only a brief overview of the experimental techniques relevant for
this work is given [135, 136]. The main changes made to the experiment
since the last publication are described in chapter 4. A detailed description
of the cooling techniques introduced in this chapter can be found in review
papers and textbooks [8, 9, 12, 137].
The experimental setup described in the following text is capable of produc-
ing a sample of ultracold heteronuclear Feshbach molecules. To achieve this,
a setup is used that allows for cooling of two different atomic species to close
to degeneracy, and incorporates coils that can produce precise magnetic fields
for magnetoassociation. The different techniques involved to achieve this are
described in this chapter. The focus is on the optical dipole trap where the
final cooling stage takes place and on the production of stable magnetic fields
used for the search of Feshbach resonances and magnetoassociation.
3.1 Experimental overview
The experimental sequence used to produce an ultracold mixture of 87Rb and
133Cs can be divided into several steps.
A background gas of Rb and Cs is produced in a vacuum chamber using dis-
pensers before the atoms are loaded into a pyramid MOT [138, 139]. From
here, the cold atoms are pushed through an aperture at the apex of the
29
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Figure 3.1: The vacuum chamber consists of a pyramid cell, where atoms
are loaded from a background gas into a pyramid MOT. Subsequently they
are transferred into a high vacuum glass cell (experimental cell) where they
are loaded into a six beam MOT (blue and pink beams) and further cooled
in a magnetic quadrupole and optical dipole trap (purple beams). The two
dipole trap beams are derived from a single fibre laser and intersect in the
centre of the magnetic trapping coils at an angle of ∼ 22◦. The red beam
represents the molecular spectroscopy and STIRAP beams coming from a
lower lying level of the experimental setup (see chapter 4.4.3). The light for
absorption imaging is coupled through the flange labelled ‘imaging’ into the
vacuum chamber.
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pyramid along a differential pumping stage into the 2nd MOT, which is situ-
ated in an ultra-high vacuum glass cell. After sufficient atoms are collected
in the 2nd MOT, a compressed MOT stage [140] is performed, followed by
further cooling in an optical molasses [141]. Subsequently, the atoms are
optically pumped into their individual low-field seeking stretched states, be-
fore they are loaded into a magnetic quadrupole trap, where radio frequency
(RF) evaporative cooling is applied to cool the atoms further and increase
their PSD. When losses due to Majorana spin flips prohibit further efficient
cooling [142], the atoms are loaded into an optical dipole trap [143]. Here
atoms are transferred into their absolute ground state using rapid adiabatic
passage and a magnetic gradient field is applied to levitate the atoms against
gravity. Reduction of the trap beam power leads to evaporative cooling and
a quantum degenerate gas can be formed. During the final cooling process
and for magnetoassociation, stable magnetic bias fields are applied.
The vacuum chamber and optics of the optical dipole trap are placed on one
optical bench, from now on called the ‘experimental table’. A sketch of the
vacuum chamber and optics of the dipole trap and STIRAP transfer is shown
in figure 3.1. The light frequencies necessary for laser cooling, repumping,
optical molasses and imaging are derived on a second optical bench, from
now on called the ‘laser table’. The light is transferred between the tables
using polarisation-maintaining single-mode optical fibres. The experimental
sequences are computer controlled using a LabView-based programme.
3.1.1 Laser light
Two similar optical setups are used for simultaneous laser cooling of Rb and
Cs. The same lasers and only minor changes in the optical setup are used to
cool 85Rb or 87Rb. The closed D2-line transitions used for laser cooling are
at a wavelength of ∼ 780.2 nm for Rb and ∼ 852.3nm for Cs. The hyperfine
structure of 85Rb, 87Rb and 133Cs and the transitions relevant for this work
are presented in figure 3.2. One Toptica DL 100 ‘master laser’ is used for
each species for laser cooling in the 2nd MOT, imaging of the atoms and
injection of a home-built slave laser which provides the cooling light for the
pyramid MOT. The frequencies of the master lasers are locked using modu-
Chapter 3. Experimental apparatus 32
52P3/2 
52S1/2 
52P1/2 
D2 (780 nm) 
D1 (795 nm) 
F 
3 
2 
1 
0 
2 
1 
2 
1 
2/3 
2/3 
gF 
1/6 
0 
2/3 
-1/6 
-1/2 
1/2 
6834.7 
87Rb 
(I=3/2) 
816.7 
156.9 
266.7 
72.2 
Cooling, 
depumping, 
imaging and 
push beam 
Repumping 
Optical 
pumping 
52P3/2 
52S1/2 
52P1/2 
D2 (780 nm) 
D1 (795 nm) 
F 
4 
3 
2 
1 
3 
2 
3 
2 
1/2 
7/18 
gF 
1/9 
-1 
1/9 
-1/9 
-1/3 
1/3 
3035.7 
85Rb 
(I=5/2) 
361.6 
63.4 
120.6 
29.4 
Cooling, 
depumping, 
imaging and 
push beam 
Repumping 
Optical 
pumping 
62P3/2 
62S1/2 
62P1/2 
D2 (852 nm) 
D1 (894 nm) 
F 
5 
4 
3 
2 
4 
3 
4 
3 
2/5 
4/15 
gF 
1/12 
-2/3 
0 
-1/12 
-1/4 
1/4 
9192.6 
133Cs 
(I=7/2) 
1167.7 
201.3 
251.1 
151.2 
Cooling, 
depumping, 
imaging and 
push beam 
Repumping 
Optical 
pumping 
Figure 3.2: Energy level diagrams for the atomic species used in the ex-
periment. The transitions driven by lasers are indicated by arrows. The
splittings are given in MHz and are not to scale. Figure taken from [136].
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lation transfer (MT) spectroscopy [144–146]. One home-built external cavity
diode laser (ECDL) for each species provides the repumping light for both
the pyramid and the 2nd MOT, plus the light for optical pumping. These
lasers are frequency stabilised using frequency modulation (FM) spectroscopy
[147, 148]. When 85Rb is cooled in the experiment, the repump laser is locked
using dichroic atomic vapour laser locking (DAVLL) [149, 150] instead so all
AOM frequencies can be maintained when switching between the two Rb
isotopes. The exact AOM frequencies and laser detunings from the transi-
tions as well as the optical and electronic setups for laser stabilisation are
described elsewhere [135, 136].
3.1.2 Cooling sequence
A pyramid MOT is used as a source of ultracold atoms. This MOT is loaded
from a background gas of 133Cs and Rb in its natural abundance. All beams
necessary for this two species MOT are overlapped on the laser table and
transferred to the experimental table in a single optical fibre. This setup
makes it simple to realign the MOT beams. Through an imbalance in the
radiation pressure, the cold atoms are then pushed through a hole in the apex
of the pyramid into the UHV region where they are trapped in the 2nd MOT.
To guarantee good optical access, this MOT is situated in a glass cell. After
a loading time of 30 s, typically 1× 109 87Rb atoms and up to 3× 108 133Cs
atoms are trapped in the MOT. The 133Cs MOT number is controlled using
a servo circuit. The MOT fluorescence is detected by a photodiode and a
servo circuit stabilises its output voltage by changing the RF power to the Cs
repump AOM. This control is very important for the work presented in this
thesis, since this is how the composition of the mixture in later stages of the
experimental cycle is controlled. The Rb number is controlled by triggering
the next experimental step at a particular MOT load. Light resonant with
the Rb atoms is applied from one direction to displace the Rb atoms and
increase the MOT load.
After the required Rb MOT load is reached, a 40ms CMOT stage [140] is
used to match the shape of the atomic cloud to the magnetic trap geometry.
During this step the magnetic field gradient is reduced and the detuning
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of the cooling lasers increased. Subsequently, the atoms are cooled to sub-
Doppler temperatures in an optical molasses [141]. The magnetic field is
switched off and the detuning of the cooling lasers detuned even further for
15ms.
Until this point, the population of the atoms is distributed over all pos-
sible mf states. Hence, circularly polarised light is applied to transfer all
atoms into their magnetically trappable stretched state of the lower hyper-
fine ground state. This increases the number of atoms that can be trapped
in the magnetic quadrupole trap and suppresses inelastic collisions which de-
crease the cooling efficiency. Subsequently, the magnetic quadrupole trap is
loaded by increasing the magnetic field gradient in two linear ramps to its
final value of 184(1)G/cm. The single steps are used to spin polarise the
atoms, as atoms in the wrong spin states leave the trap at lower gradient
fields. The high magnetic field gradient is chosen to increase the collision
rate of the atoms and thus decrease the evaporation time. In a single species
experiment, 6.2(2) × 108 87Rb atoms at a temperature of 140(10)µK and a
PSD of 2.2(7)×10−6 can be detected in the magnetic trap. Following this, the
atoms are cooled using forced RF evaporative cooling in the magnetic trap.
This is done by a single linear RF sweep from 28.8MHz to 6.6MHz in 15.1 s.
Since the depth of the quadrupole trap determined by the RF frequency is
three times larger for 133Cs than for 87Rb, the 133Cs cooling process relies on
sympathetic cooling through elastic collisions with 87Rb. The cooling process
is stopped when Majorana losses prevent further efficient cooling [142]. At
this stage, up to 7.3(3)× 107 87Rb atoms at a temperature of 33.6(3)µK and
a PSD of 1.6(2)× 10−4 are confined in the magnetic trap.
3.2 Optical dipole trap
Following the evaporation in the magnetic trap, the atoms are loaded into an
optical dipole trap. The light for the trap is provided by a single-frequency
IPG Photonics ELR-30LP-SF fibre laser with a maximum output power of
30W at 1550 nm. The optical setup for this laser is shown in figure 3.1. The
beams forming the dipole trap intersect at an angle of 22◦ at the position
of the atoms and have a 1/e2 radius of 63µm and 68µm respectively. The
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Figure 3.3: Simplified diagram of the experimental setup used for the final
cooling stages. The two 1550 nm laser beams forming the optical dipole
trap intersect at an angle of 22◦. The magnetic trap coils also generate the
gradient field for the MOT and the levitation of the atoms and molecules.
The bias field coils provide the magnetic field for the Feshbach association.
power in the dipole trap beams is controlled by stabilising the output voltage
of two photodiodes, detecting light from each beam, and stabilising their
output voltages to a set value by varying the RF power to AOMs in each
beam path of the dipole trap (see figure 3.1). The polarisability for 133Cs
at 1550 nm is 1.35 times larger than for 87Rb, resulting in an equivalently
deeper trap for 133Cs [151].
The dipole trap is on during the evaporation process in the magnetic trap
and is hence loaded continuously through elastic collisions. The final transfer
into the dipole trap happens by decreasing the magnetic field gradient from
187G/cm to 28G/cm. The atoms are no longer completely levitated at this
gradient and fall into the optical potential, which is located ∼ 100µm below
the magnetic trap centre. At the same time, the RF is reduced to 3.5MHz.
Typically 6W in each beam are used during the loading process. The trap
depth and frequencies for different dipole trap beam powers are given in
table 3.1.
In a single species 87Rb experiment, typically 1.45(6) × 107 atoms are
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Beam Power Species Trap Depth frad fax(W) (µK) (Hz) (Hz)
6 Rb 76 612 118Cs 103 570 110
4 Rb 51 495 95Cs 69 466 90
1 Rb 13.7 247 47Cs 17.2 233 45
Table 3.1: Trap depth and frequencies for different beam powers in the optical
trap for atoms in their absolute ground state and a magnetic field gradient
of 30G/cm, supporting the atoms against gravity.
loaded into the dipole trap at a temperature of 11.7(1)µK and a PSD of
1.39(3)× 10−2. Once in the dipole trap, the atoms are transferred into their
absolute ground state via rapid adiabatic passage [66] to suppress two-body
losses which are forbidden in this state for energetic reasons [152]. This is
essential for efficient cooling of 133Cs [153, 154]. Here, a magnetic field ramp
from 0 to ∼ 1G is performed at a fixed RF field of 1.64MHz. Thus the
atoms are swept through resonance and the population is transferred into
the absolute ground state.
When 133Cs is being cooled in the dipole trap, the magnetic bias field is set to
a value of 22G due to a favourable intraspecies scattering length for efficient
cooling. Further cooling in the optical dipole trap is performed via plain
evaporation; a reduction of the beam power in the dipole trap decreases the
trap depth. The atoms thermalise through elastic collisions supported by the
high trapping frequencies of the optical dipole trap [143, 155–157].
Due to the different polarisabilities of Rb and Cs, the two species thermalise
to different temperatures when no interactions occur. As we will show in
chapter 5, this is the case over a wide magnetic bias field range in a mixture of
85Rb and 133Cs. In contrast to this, the interspecies scattering length between
87Rb and 133Cs is very large. At a bias field of 22G, where evaporation of
133Cs is efficient, the interspecies scattering length is 660 a0. This leads to
sympathetic cooling of Cs during the evaporation process, but also to large
losses due to inelastic three-body collisions at high densities [158–160]. To
circumvent this problem, a fast evaporation sequence is used to decrease the
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peak density quickly.
The exact cooling sequence depends on the experiment performed and is
described in each relevant chapter.
3.3 Magnetic fields
For the work presented in this thesis, stable magnetic bias fields up to
∼ 1200G are required. The field is produced by three sets of coils. One
small coil which can produce fast field ramps up to 50G and two large coils
which can produce the majority of high magnetic fields. The two large coils
are used in series to produce high fields. However, when smaller fields below
400G are needed they are separated and only one of them is used to increase
the field stability.
The current in the coils is supplied by two Agilent power supplies (Agilent
6681A and Agilent 6690A) which are controlled via water cooled field-effect
transistors (FETs). To stabilise the current through the coils, the current is
measured using Hall effect sensors (Honeywell CSNL181) which generate a
current 2000 times smaller than in the coils. This current is detected as a
voltage drop across a sense resistor and is stabilised to a reference voltage set
by the control programme. To guarantee good stability of the magnetic field,
the sensing and feedback electronics have to be designed carefully. The com-
binations of capacitors on the feedback boards are selected to reduce current
noise and suppress resonant frequencies of the individual coils. Furthermore,
a 20Ω power resistor (Isabellenhütte A-H2-20R0-F1-K2-0.1) is used as a
sense resistor. Since the resistance is relatively large for a sense resistor and
thus the power dropped over it is large, this resistor with 10W load capacity
and a small temperature coefficient of ±10 ppm/K is chosen and mounted
on a heat sink. This setup makes it possible to achieve a field stability of
∼ 0.001G at 400G, which means the current through the coils is stable to 1
part in 105.
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3.4 Magnetic field calibration
The bias field produced in the experiment, is calibrated by driving microwave
transitions between the ground states in the atoms. The separation of the
two states changes with magnetic field due to the Zeeman effect. The precise
field the atoms are exposed to can be determined by measuring this splitting
and comparing it to the splitting calculated using the Breit-Rabi equation
[161].
To calibrate the field, an ultracold sample of the desired species is produced
and the microwaves applied during a 1 s hold in the optical dipole trap. The
resonance can be detected as an atom loss feature. The typical uncertainty
in the position of these features is in the range of 10 kHz and their width is
∼ 100 kHz. This makes it possible to determine the magnetic bias field to an
accuracy below 10mG.
The microwave frequencies are generated using an Agilent E8257D analog
signal generator. The output is connected to a Mini-Circuits MSP2T-18-12
switch to control when the microwaves are applied to the atoms. Due to
the different splittings between the ground states of the individual species
used in this experiment (see figure 3.2), the signal can then be connected
to two different sets of amplifiers and waveguide-coaxial adapters to deliver
microwaves to the atoms. For the calibration of the magnetic field using
133Cs atoms, an AtlanTecRf AS6186 waveguide-coaxial adapter working in
a frequency range from 8.2 to 12.4GHz is used in combination with a Mini-
Circuits amplifier ZVE-3W-183+ working in a range from 5.9 to 18GHz.
For the two Rb isotopes an AtlanTecRf AS6366 waveguide-coaxial adapter
working in a frequency range from 2 to 8GHz and a Mini-Circuits ZVE-
3W-83+ amplifier working in a range from 2.6 to 7.8GHz is used. With
this combination, a wide range of microwave frequencies can be applied to
the atoms and thus the field calibrated using all three species over the full
accessible magnetic bias field range.
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Figure 3.4: Optical setup for imaging the atomic cloud. Light is partially
absorbed by atoms and detected by a CCD camera. The focal lengths of
the two lenses are f1 = 80mm and f2 = 160mm. The magnification of the
imaging system is 1.858(2).
3.5 Imaging
Absorption images are taken to gain information about the ultracold sample
in the form of its spatial profile and position. To take the images, the atoms
are released from the trap for an appropriate time-of-flight (TOF). Then a
quantisation field of 2.7(1)G is applied and the atoms are pumped out of
their absolute ground states using the repump light. Subsequently, a 10µs
pulse of cooling light is applied. The atoms are pumped into their stretched
states by the circularly polarised light before they absorb photons from the
probe beam and decrease the intensity of the beam. To image atoms in
magnetically trappable low-field seeking states, σ− transitions are driven and
σ+ transitions are driven to image atoms in their high-field seeking absolute
ground state. The spatial intensity profile of the probe beam after interacting
with the atomic cloud is detected with a CCD camera (Andor iXon 885). The
optical setup is shown in figure 3.4.
To obtain a density profile of the cloud, three images are taken. The first one
is with the atoms, the probe beam light and background (I1). The second
one with the probe beam light and the background (I2), and the third one
only of the background (I3). The optical depth (OD) of the atomic cloud
can now be calculated at each point of the image using
OD = ln
(
I2 − I3
I1 − I3
)
, (3.1)
with the intensities of light on each pixel for the three shots I1,2,3. When a
weak, resonant imaging beam is used, then
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I = I0 exp(−OD), (3.2)
with the detected intensity I and the intensity of the probe beam without
atoms I0.
The number of atoms in the cloud can be determined from a Gaussian fit to
the absorption image using
N = 4pi
2
3λ2σxσzODPK, (3.3)
with the widths of the Gaussian fit σ2x,z = kBT/mω2x,z, the wavelength λ of
the light and the peak optical depth ODPK.
The temperature of the cloud in a harmonic trap can be calculated when the
radial and longitudinal trap frequencies ωx,z are known by
Tx,z =
mω2x,z
kB
σ2x,z(TOF )
1 + ω2x,zTOF 2
, (3.4)
with the time-of-flight TOF and the cloud size after the time-of-flight
σx,z(TOF ).
Chapter 4
STIRAP laser system
The experimental setup described in the previous section is capable of pro-
ducing ultracold atoms and molecules via magnetoassociation. The next step
is to transfer the weakly bound Feshbach molecules into their rovibrational
ground state via STIRAP. The required experimental setup for the transfer
is presented in this chapter. An optical cavity is used to produce stable ref-
erence points in frequency space. The frequency of two diode lasers is then
stabilised to it using the Pound-Drever-Hall technique.
4.1 Experimental requirements
The theoretical background of the STIRAP transfer is described in section
2.5. In this section it is shown what this means for the requirements on
an experimental setup. STIRAP is a coherent transfer during which the
molecules have to be kept in a superposition state using two laser fields.
Following equation (2.27), the condition for an efficient transfer is [65]
Ω20
pi2Γ 
1
τp
 D, (4.1)
with the reduced Rabi frequency Ω0 =
√
Ω2P + Ω2S, the natural linewidth
of the excited state Γ, the pulse duration τp and the relative linewidth of
the two lasers D. ΩP and ΩS are the Rabi frequencies of the pump and
Stokes transition. Thus a high transfer efficiency can be achieved either
41
Chapter 4. STIRAP laser system 42
by high laser powers (i.e. Rabi frequencies) or a small relative linewidth of
the two lasers which allows a slower change of the ratio of the laser fields.
Since the maximum power is limited by the lasers used, this sets specific
requirements for the long and short term frequency stability. The linewidth
of the excited state and the Rabi frequencies typically achieved in transitions
between molecular states are both on the order of Ω = 1MHz [94, 162], thus
the pulse duration for the transfer is τp ∼ 1µs and the laser linewidths have
to be on the order of 1 kHz.
The requirements for a STIRAP laser setup can be summarised by
1. Narrow linewidth lasers.
2. Tunability of the laser frequency.
3. Long term frequency stability.
4. Ability to produce light pulses.
5. High laser intensity at the position of the molecules.
To meet requirements 1 to 3, in previous experiments, frequency combs,
optical cavities or a combination of both were used to produce stabilisation
points at the required frequencies [91, 92]. For this work, we use an optical
cavity and stabilise the frequency of both transfer lasers to it. The laser
frequencies are locked using the Pound-Drever-Hall (PDH) technique which,
in combination with a fast feedback locking circuit, allows us to narrow the
linewidth of the lasers. To achieve tunability of the laser frequencies and cover
the range between the resonances of the optical cavity, the laser frequencies
are shifted with fibre-coupled electro-optical modulators (EOMs). Sidebands
generated by the EOMs are used to stabilise the laser frequencies to the
optical cavity, such that the carrier laser frequency (used for the STIRAP
beams) can be scanned by changing the EOM frequencies. Acousto-optical
modulators (AOMs) are used to control the laser power and to produce light
pulses as short as 200 ns. Requirement 5 is accounted for by focussing the
transfer beams down to the size of the molecular cloud.
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4.2 Theory of optical cavities
4.2.1 Introduction
An optical cavity represents the central component of the setup utilised to
stabilise the frequency of the lasers we will use for STIRAP. This section
gives a brief overview of the cavity light field properties crucial to under-
stand the laser locking technique used in the experiment. Far more detailed
descriptions can be found in textbooks on optics and lasers [163–165].
Two different cavity designs are described below. First, a home-built design
with a piezo to vary the resonator length and with high reflectivity mirrors
for the two STIRAP wavelengths and at 852 nm so that the cavity can be
stabilised to the Cs D2 transition. The second cavity is a commercial, passive
stable resonator which is used for the experiments presented in section 8.5.
An optical cavity is a resonator for light. It is formed when optical devices
are arranged in a way such that a closed light path is formed. The easiest
geometry is a linear resonator consisting of two mirrors facing each other
separated by a distance L. A standing light wave is generated when the
resonator length is a multiple integer of half the wavelength λ of the light,
given by
L = n · λ/2 , n ∈ N. (4.2)
Under this condition, there is a build up of light within the resonator (a
longitudinal mode) and an appreciable fraction of the incident light is trans-
mitted through the cavity. The frequency difference between two adjacent
longitudinal modes is
∆νFSR = c/2L, (4.3)
where c is the speed of light. This spacing is called the free spectral range
(FSR) of the resonator. For convenience, and because such a design is used
in the experiment, here only a linear resonator geometry is considered.
Chapter 4. STIRAP laser system 44
4.2.2 Theory
Cavity light field
Only electromagnetic waves with certain shapes fit into an optical cavity.
These can be described by Gauss-Hermite beams. The Gaussian beam, which
is usually used in this context, is only one of many solutions to the wave
equation using the paraxial approximation.
Gauss-Hermite beams propagating in the z direction can be described by
[163]
U = U0 exp (ikz − iωt) exp (ikr
2/2q)
q
×Hl
(√
2 x
w
)
×Hp
(√
2 y
w
)
× exp [−i (l + p)α] ,
(4.4)
where k = 2pi/λ is the wave number and ω the angular frequency. The first
row is the Gaussian beam with q = z− zwaist− izR. The second row contains
the Hermite polynomials Hl and Hp with their eigenvalues l and p. The third
row is the increased phase shift with tanα = z/b for beams with l, p > 1.
Results for Hermite polynomials of different orders l and p are distinctive
transverse modes of the electromagnetic field. The notation is TEMlp and
the simplest mode TEM00 is the Gaussian beam, for which Hl = Hp = 1.
Substitution for q leads to the familiar equations for a Gaussian beam. The
Rayleigh range zR, which is the distance from the beam waist after which
the radius increased by a factor of
√
2, is
zR =
piw20
λ
, (4.5)
where w0 is the radius at the beam waist. The radius of curvature of the
wave front RΦ(z) is given by
RΦ(z) =
z2 + z2R
z
. (4.6)
Although one typically works with the TEM00 mode, higher order Hermite-
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Gaussian modes can be excited in an optical cavity as well. Their frequency
spacing is [166]
fn,l,p =
c
2L
[
p+ (n+ l + 1)
arccos√g1g2
pi
]
, (4.7)
with gi = 1−L/Ri. Here Ri are the radii of curvature of the mirrors. These
modes can be used as frequency references with alternative spacing than the
FSR. Careful mode matching of the light into the resonator ensures that the
TEM00 Gaussian mode is the dominant mode.
Reflection and transmission signal
Incident light on an optical resonator is split into a reflected and a transmitted
part
Er = rEi and Et = tEi with 0 ≤ r, t ≤ 1, (4.8)
where r and t are the reflection and transmission coefficient and
Ei = E0ei(kz−ωt) is the incident plane light wave. Due to conservation of
energy and neglecting losses in the mirrors, we assume r2 + t2 = 1.
We are interested in the beam reflected from the cavity. It is a superposition
of the light being coupled out of the cavity after m round trips and the
light that never entered the cavity since it was directly reflected at the first
mirror. To calculate the total reflected beam, its phase Φ has to be taken
into account. It changes during the round trip time TΦ and an additional
phase shift of pi during the reflection at the first mirror has to be considered.
The phase evolves with each round trip by
Φ = ωTΦ = 2pi
2L
λ
, (4.9)
which means a factor of eiΦ needs to be added for every round trip. According
to figure 4.1, this leads to a reflected beam
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Figure 4.1: Light reflected from a cavity after a different number of round
trips.
Er = Ei
(
−r1 + t1r2t1eiΦ + t1r2r1r2t1ei2Φ + ...
)
= Ei
(
−r1 + t
2
1r2e
iΦ
1− r1r2eiΦ
)
,
(4.10)
where the indices represent the individual mirrors. For a cavity, where r1 =
r2 = r and no losses occur, the reflected beam can be written as
Er = Eir
eiΦ − 1
1− r2eiΦ . (4.11)
We derived this reflected beam thoroughly because it will be used in section
4.4.2 to derive the Pound-Drever-Hall error signal.
The transmitted intensity of an optical resonator can be described by the
Airy function
It
Ii
= 1− Ir
Ii
= 1
1 + 2r2(1−r2)2 (1− cos Φ)
. (4.12)
For Φ = 2pi, the beams interfere constructively and a transmission signal can
be detected. This function is plotted in figure 4.2 for two different values of
the reflectivity r.
The finesse F of a cavity describes the ratio between its FSR and the full
width half maximum (FWHM) of a cavity peak δνcav . For a cavity with the
same reflectivity R = |r|2 for both mirrors, it is
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Figure 4.2: Cavity transmission (left) and reflection (right) signal for high
(black) and low (red) reflectivity of the mirrors. The signal is shown for
phase differences Φ between beams coupled out after two consecutive cavity
round trips. At a phase difference of 2pi the beams interfere constructively
and a transmission maximum (reflection minimum) can be detected. The
peaks are described by the Airy function expressed in equation (4.12).
F = pi
√
R
1−R. (4.13)
Mode matching
Generally, many different Gauss-Hermite beam shapes fit into an optical
cavity. These different shapes are referred to different transverse modes of
the electric field. The aim is to couple as much light as possible into the
TEM00 laser mode. To achieve this, the shape of the incoming laser beam
must be matched to the cavity geometry. This means that the radius of
curvature of the beam’s wave front must match the radius of curvature of
each mirror.
To calculate the required beam parameters, the properties of a Gaussian
beam are used. The correct beam for a cavity with one flat mirror can be
calculated quite easily. Since the radius of curvature is infinite at the waist,
the beam is focussed onto the flat mirror and the distance and curvature of
the second mirror determines the beam waist.
The required beam waists w0 at the plane mirror can be calculated using the
following expression derived from equation (4.5) and (4.6)
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f1 = 
100 mm 
f2 =  
-100 mm 
Glan- 
Thompson 
Fibre 
Coupler 
d 
Figure 4.3: Setup to shape the laser beam to the resonator geometry. The
optics shown on the right are mounted in the cage system on the left. The
distance d is changed for fine adjustment of the beam waist.
w1 =
[4 (LR− L2)]1/4√
k
, (4.14)
where R is the radius of curvature of the second mirror.
An optical path has to be constructed that produces the calculated focus
size at the first cavity mirror. Our experimental approach is to build a
compact fibre-coupled cage system to clean up the beam profile and produce
the correct waist size at an appropriate distance considering that optics for
locking and overlapping, and the vacuum chamber containing the cavity has
to fit in the beam path. Hence, we need a distance of about 50 cm from the
last lens to the cavity.
An optical cage system shown in figure 4.3, consisting of two lenses and a
matched initial beam radius is sufficient to produce the desired beam param-
eters. We simulated such a layout using the ABCD-matrix formalism. The
results are presented in figure 4.4. For this data initial beams with an 1/e2-
radius of 1mm (980 nm) and 1.5mm (1556 nm) are assumed. These sizes are
used since they are achievable with standard fibre couplers. Both beams are
focussed with an f = 100mm lens mounted right after the fibre couplers. A
second lens with f = −100mm is mounted so that the distance d between
the lenses is adjustable. The plots show the distance between the second
lens and the focus on the left axes and the size of the focus on the right
axes versus the separation d of the two lenses. The desired focus waists of
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Figure 4.4: Focus position (black) and waist (red) versus lens position. An
optical system illustrated in figure 4.3 is simulated. The waist position from
the second lens and the 1/e2 radius at the waist are plotted for different lens
separations d. The dots mark the parameters we aimed for to match the
beam to the ULE cavity.
250µm (980 nm) and 315µm (1556 nm) are calculated using equation (4.14)
for the commercial cavity presented in section 4.3.2. The results show that
the required focusses are achieved for d ∼ 1 cm in both cases. With 67.6 cm
(980 nm) and 83.2 cm (1556 nm), both focusses are at an appropriate distance
to place optics for locking in the beam path between the lens system and the
cavity.
4.3 Design of optical cavities
In the following section, the two different cavity designs we used are de-
scribed. A first approach was a cavity with a spacer made from Zerodur and
a piezoelectric transducer to scan the length of the resonator. The second
cavity, which is used in the final experimental setup, has a spacer made from
ultra low expansion glass (ULE) and its length is passively stable. The basic
properties of both cavities are summarised in table 4.1. The Zerodur res-
onator has a high finesse at the wavelengths of the two STIRAP transitions
and for the wavelength of the Cs D2 line while the ULE resonator has a
high finesse only at the two STIRAP wavelengths. The reflectivity for both
resonators is plotted in figure 4.5.
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L ∆νFSR R λ Finesse F w0 δνcav(cm) (GHz) (cm) (nm) (µm) (kHz)
852 3.11(1)× 103 258 241.2(8)
980 4.2(1)× 103 276 179(4)
Ze
ro
du
r
20 0.75 50
1556 3.1(1)× 103 348 242(8)
10 1.5 50 980 1.820(5)× 10
4 250 82.2(2)
U
LE 1556 1.12(2)× 104 315 134(2)
Table 4.1: Parameters of the home-built Zerodur and the commercial ULE
cavity. The mirror spacing L and radius of curvature R of the second cavity
mirror define the beam waist at the position of the first mirror w0 for optimum
coupling into the TEM00 mode for each wavelength λ.
4.3.1 Three wavelengths cavity
A cavity with a high finesse for three different wavelengths was built. The
mirrors have a high reflectivity at the two STIRAP wavelengths of 980 nm
and 1556 nm and the Cs D2 transition at 852 nm. The spacer, that keeps the
two resonator mirrors at a fixed distance, is made from Zerodur glass. This
material has a low thermal expansion coefficient of 0.2×10−7/K, which means
a spacer with a length of the order of 10 cm changes its length by 2 nm/K.
Unfortunately, this already causes a significant drift of the resonance peaks
of 6MHz/K at 980 nm. As described in section 4.1, this drift is too large for
a reproducible system.
To eliminate the drift an active stabilisation of the resonator length is imple-
mented. A ring piezo is placed between the spacer and one of the mirrors,
which can be used to tune the length of the resonator and to stabilise the
length to a certain value. A laser, locked to the caesium D2 line, is used to
produce a reference signal for the stabilisation.
Cavity design
There are some basic properties to consider when planning a new cavity. The
material and length of the spacer, the curvature and especially reflectivity
of the mirrors have to be matched to the application. We decided to use a
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Figure 4.5: Reflectivity of the mirrors used in the Zerodur (blue) and ULE
(red) cavity. The purple lines mark the position of the STIRAP wavelengths
and the Cs D2 line at 852 nm.
mirror spacing of L = 20 cm, which results in an FSR of ∆νFSR = 750MHz.
The length is always a trade off between a small FSR and a high stability
given by the spacer material. We found that using a scheme where different
peaks of the cavity are locked to the Cs transition and using only one AOM
with a bandwidth of 50MHz for each wavelength, a gapless tuning of a laser
locked to the cavity would be possible with this FSR. Since we wanted to
be able to vary the length of the resonator, a ring piezo was placed between
one mirror and the spacer. We used an 8mm long piezo stack from Noliac.
The manufacturer specifies a stroke of 8µm at 200V supply voltage. The
piezo material usually has a thermal expansion coefficient of 10−5− 10−6/K.
This means that the length change with temperature of the whole Zerodur
spacer is an order of magnitude smaller than that of the piezo. The cavity
was placed in a vacuum chamber to isolate it from environmental effects in
which it was supported by a stainless steel mount. A schematic of the setup
is shown in figure 4.6.
The Zerodur spacer is produced by Hellma Optik. It is 192mm long and
together with an 8mm long piezo, the mirror spacing is 200mm. The spacer
has a square cross section with an edge length of 30mm. It has a 10mm
diameter longitudinal hole and a second ‘radial’ hole to connect the cavity
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½” Diameter Mirror Stainless Steel DN100 
All-Metal Valve 
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Optical Cavity 
Figure 4.6: The Zerodur spacer is held with a stainless steel mount in the
vacuum tube. Viton cord is used to fix the parts in place. The piezo and
1/2-inch diameter mirror are glued to the spacer which has an edge length
of 30mm. The resonator is mounted with an angle of 2◦ with respect to the
vacuum viewports to avoid unwanted etalon effects.
Chapter 4. STIRAP laser system 53
to the outside to allow the evacuation of the cavity.
We decided to use a resonator design with one planar mirror and one mirror
with a radius of curvature of 50 cm because a good separation of transverse
modes is generated and the planar mirror makes mode matching easier. The
planar mirror is glued directly onto the spacer. We used UV curing glue
(Norland NOA 61), to be able to correct the position of the mirror until the
glue is exposed to UV light. Then the curing process is very fast and the
glue is hardened within minutes.
The cavity mirrors have a high reflectivity at three different wavelength
ranges at a zero degree angle of incidence at the two STIRAP wavelengths
around 980 nm and 1550 nm plus 852 nm to be able to stabilise the cavity
length to a Cs transition. We use mirrors from Layertec that are specified
to have a reflectivity of 99.92(3)% at 852 nm, 969-989 nm and 1550-1590 nm
(see figure 4.5). This results in a finesse of 3900+2400−1100 in these ranges from
equation (4.13) and a cavity resonance width of ∼ 200 kHz.
We wanted the piezo to have a large free stroke so it can compensate for a
large temperature drift and still has enough scan range to provide the option
to lock to different cavity peaks. A Noliac SCMAR04 H8 piezo with an outer
diameter of 15mm and inner diameter of 9mm is used. The piezo is glued
onto the spacer and the second 1/2-inch diameter mirror is glued to the piezo.
The resonator is mounted in a stainless steel block. This material is used
to increase the thermal time constant of the cavity. The parts are placed in
a vacuum chamber where the resonator is mounted at an angle of 2◦ with
respect to the vacuum viewports to avoid unwanted etalon effects. The parts
are fixed in the vacuum using Viton cord with a diameter of 5.7mm. The
chamber consists of a cross with DN100 diameter and two DN40 flanges
perpendicular to the cavity axis. An all-metal valve (MDC AV-150M) and
an electrical feedthrough (MDC IFM5-C40) are connected to the smaller
flanges and DN63 viewports to the larger ones. The piezo and a thermistor
(NJ28, 10kΩ) are connected to the electrical feedthrough. The chamber was
evacuated to a pressure of 1× 10−7 mbar using a pump station combining a
rotary pump and a turbo pump. The all-metal valve was closed then to seal
the vacuum chamber.
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Figure 4.7: Transmission signals of the home-built cavity for 852 nm. (a):
The transmission signal for good (black) and bad (red) mode matching. Here,
peaks for higher order transverse modes are visible and the frequency spacing
agrees with equation (4.7). (b): 16MHz sidebands were added to calibrate
the frequency axis. The inset shows a zoom onto the cavity peak with the
same axis assignments as the main plot. A Lorentzian fit to the carrier peak
gives a FWHM of 0.27(2)MHz.
Cavity characteristics
In figure 4.7, the transmission signal of the cavity for 852 nm light is shown.
In figure 4.7(a), a frequency scan over a whole FSR is presented. For the
signal shown in red, the light is coupled into several higher order transverse
modes. Their spacing agrees with equation (4.7). The second trace represents
the signal for good coupling into the TEM00 mode. No higher order modes
are visible on this scale; a sign of good mode matching. For figure 4.7(b), an
EOM was used to produce sidebands at precisely known frequencies 16MHz
away from the carrier frequency to calibrate the frequency scale on the x-
axis. A Lorentzian fit to the carrier peak results in a FWHM of 0.27(2)MHz.
Combined with the FSR of ∼ 750MHz, this would give a finesse of ∼ 2800
for the cavity which is within the expected range.
However, this technique is not suitable to determine the finesse precisely,
since the width of the transmission signal depends on the linewidth of the
Toptica DL 100 pro design laser used. Another technique to determine the
finesse is to measure the dynamic response of the cavity [167]. To do this, a
laser is swept across a cavity resonance and the reflected signal is detected.
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Figure 4.8: Dynamic response signal at (a) 852 nm, (b) 980 nm and (c)
1550 nm. The different oscillation frequencies are due to different scan speeds
of the lasers. The results of the measurements are summarised in table 4.2.
Wavelength λ (nm) Storage time τs (µs) Finesse F
850 1.32(1) 3.11(2)× 103
980 1.80(4) 4.2(1)× 103
1550 1.32(5) 3.1(1)× 103
Table 4.2: Finesse of the home-built cavity for different wavelengths.
This signal is the beat signal between the light coupled out of the cavity after
each round trip and the off-resonant light reflected at the first cavity mirror.
The cavity decay time τs in a high finesse cavity is,
τs ≈ 2FL
pic
, (4.15)
and hence a direct indicator of the cavity finesse at the laser wavelength.
The signals of this measurement are presented in figure 4.8 and the results
in table 4.2. The finesses for all wavelengths agree within the quoted error.
All values result in a cavity peak width suitable for our application.
We measured how many cavity resonances can be reached at 852 nm by
changing the piezo voltage to test if the piezo is working as expected. Accord-
ing to equation (4.2) the light is resonant at a length change corresponding to
half the wavelength, which is every 426 nm in this case. The piezo is specified
to have a free stroke of 8µm at 200V. The piezo driver can provide 150V,
so we expect a total stroke of 6µm, which means we expect to see 15 cavity
modes at 852 nm. Figure 4.9 shows the position of the cavity resonances and
the length change of the resonator with respect to the piezo voltage. A linear
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Figure 4.9: Piezo voltage and length change (∆L) for different longitudinal
modes of an 852 nm laser. The change in piezo voltage to shift the cavity
resonance frequency by one FSR is recorded. The cavity length changes by
426 nm for each FSR.
fit gives a length change of 43.7(8) nm/V which, when extrapolated to 200V,
results in a total stroke of 8.74µm and thus a bit more than specified. For
the stability of a laser stabilised to the cavity, this means that the noise on
the piezo voltage must be below 0.13mV for laser frequency noise smaller
than 10 kHz.
Since a piezo is used in the cavity design, length changes and thus drifts of
the peak positions are significant. The 8mm piezo changes its length by 80
to 800 nm/K, which results in a drift of 141 to 1410MHz/K. We measured
this drift by locking one laser to a Cs transition and another one to a cavity
peak. The beat note is recorded together with the room temperature and
the temperature inside the cavity vacuum chamber over several hours. The
results are presented in figure 4.10(a). The top panel shows that the tem-
perature inside the cavity (black) always lags behind the room temperature
(blue) which decreases the total temperature change over a day and filters
out the fast temperature changes from the air-conditioning. The temperature
changed by ∼ 0.5K in the recorded time window. The cavity drift during
this time is shown in the bottom panel of figure 4.10(a) and is ∼ 200MHz.
This implies a cavity drift of ∼ 400MHz/K and a thermal expansion coeffi-
cient of the piezo material of 3× 10−5 /K. The resonator length change for a
drift of 400MHz is 227 nm.
To suppress the cavity drift, we stabilise the cavity length to a Cs transi-
tion. An 852 nm laser is locked to a cavity resonance which is shifted to
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Figure 4.10: Drift of the home-built cavity over 8 hours. (a) Top panel:
Room temperature (blue) and the temperature inside the vacuum chamber
(black). The fast temperature change from the air-conditioning is filtered out
and the maximum temperature is not as high inside the chamber. Bottom
panel: Beat note between a laser locked to an atomic transition and one
locked to a cavity mode. The laser locked to the cavity drifts ∼ 400MHz/K.
(b) Top panel: Same beat note as in the graph above, but now the cavity
length is stabilised by locking a cavity resonance to a Cs transition. The
amplitude decreased to ∼ 3MHz. Bottom panel: Piezo voltage to keep the
resonator length stable whilst the cavity is locked.
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a Cs transition. An error signal is produced and fed into a PID-controller
connected to the piezo driver. This way, a cavity peak position is fixed to
the frequency of the Cs transition and thus the cavity length is fixed. A beat
note between the laser used to stabilise the cavity and a second laser locked
to another Cs transition is taken over the same time interval and during a
similar temperature change as the previous measurement. The beat signal
is shown in the top panel of figure 4.10(b). The temperature drift over this
period of time is suppressed. An oscillation with an amplitude in the range
of 2MHz is left over. The piezo voltage, presented in the bottom panel, was
recorded as well. To keep the length of the resonator stable, the piezo voltage
changed by 6V which changes the piezo length by ∼ 260nm. This is in the
range we expected from the previous measurement.
Better performance should be attainable by stabilising the temperature of
the vacuum chamber, but the potential for noise to be added to the laser
frequency by the piezo driver is not negligible. To circumvent these problems
and to achieve a better day-to-day reproducibility, we decided to change to
a different, passively stable cavity design described in the next section.
4.3.2 Ultra low expansion cavity
To circumvent the problems with length drifts of the cavity and the trade-off
in finesse due to the fact that high reflectivity is needed for three wavelengths
in the previous resonator, we changed to a new, passively stable design. The
spacer of this cavity is made from ULE which is a TiO2-doped fused silica
glass. The unique feature of this material is a zero crossing of the thermal
expansion coefficient. The temperature of the zero crossing depends on the
amount of titanium dioxide in the glass sample. This can not be predicted
precisely due to the production process of ULE in which an inhomogeneous
distribution of the TiO2 is attained [168]. Our cavity spacer and the mirrors
were produced and assembled by ATFilms. It was then mounted and housed
in a vacuum chamber supplied by Stable Laser Systems. This company also
measured the temperature of the zero crossing of the ULE spacer to be 35 ◦C.
This means that our vacuum housing needs to be heated and stabilised to
this temperature. The optically contacted mirrors are made out of ULE as
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Figure 4.11: Left: The ULE cavity sitting on Viton balls on the Zerodur
mount. Centre: The ULE cavity in the vacuum can. Also the temperature
insulating material and the heater (bent upwards) can be seen here. Right:
The cavity and associated optics are mounted on a breadboard.
well, so the material is not stressed due to different expansions of the spacer
and the mirrors [169]. In this design, one planar mirror and one mirror with
a radius of curvature of 50 cm is used. The planar mirror makes the design
of the mode-matched beams easy, as described in section 4.2.2.
The cavity setup is shown in figure 4.11. The cavity is placed in a vacuum
chamber with a Zerodur mount, sitting on Viton balls. The chamber is con-
nected to a 10 l/s ion pump (Gamma Vacuum) which keeps the pressure at
∼ 1 × 10−8 mbar. The vacuum chamber is placed in an outer metal can to-
gether with two heaters and temperature insulating material. To suppress
vibrations, the cavity and associated optics are placed on a 60×60 cm bread-
board lying on Sorbothane which sits on the optical table. The breadboard
is surrounded by a plywood box, the inside of which is covered with acoustic
foam.
Two cavity values are important for the expected locking performance. The
width of the cavity peak for the short time locking and the possibility to
narrow the linewidth of the laser, and the long term drift of the cavity peaks
for reproducibility. The width of the peaks can be calculated when the
finesse and the FSR of the cavity is known. To measure the long term drift,
the cavity signal has to be compared to another stable signal with known
properties.
We determined the finesse using the dynamic response technique as described
for the home-built cavity in the previous section. The manufacturer quoted
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a finesse of 1.832 × 104 at 980 nm and 1.4 × 104 at 1560 nm from mirror
transmission measurements. We measured a finesse of 1.820(5) × 104 at
980 nm and 1.12(2) × 104 at 1550 nm. To determine the FSR of the cavity,
we added sidebands to the laser using the fibre-coupled EOMs described in
section 4.4.3. When the laser is scanned, the positive sideband of one peak
overlaps with the negative sideband of the neighbouring cavity peak. This
happens for an EOM frequency of 748.36(1) MHz, which results in an FSR of
1496.72(2)MHz. This corresponds to a cavity length of L = 100.150(2)mm.
The FSR together with the finesse gives cavity peak linewidths of 82.2(2) kHz
at 980 nm and 134(2) kHz at 1550 nm.
For a preliminary test of the cavity drift, we measured its stability with
respect to an atomic transition. The 5P3/2 − 4D3/2 and 5P3/2 − 4D5/2 two-
photon transitions in 87Rb are at a wavelength of 1529 nm and thus within
the high finesse range of the cavity [170]. We locked one laser to the two-
photon transition and another one to the cavity. From the beat note of the
two lasers on different days, we concluded that the observed drifts of ∼ 1MHz
are dominated by the locking instabilities and the cavity drift is well below
these drifts.
For a more precise estimate of the drift, we measure the position of a nar-
row electronically excited state of 87RbCs molecules several times within five
months. The position of this resonance was always within a range of 800 kHz
with respect to the closest cavity resonance. Since we do not detect a drift in
one direction as expected from cavity material ageing, we assume this shift
is mainly caused by small changes in the magnetic bias field which super-
poses the smaller cavity drift. This small long term drift promises a good
reproducibility for future experiments using this cavity.
4.4 Laser stabilisation
4.4.1 Introduction
Frequency stabilised lasers are one of the fundamental tools for cold atom
experiments. The frequency of a free running diode laser can drift by some
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GHz per day due to temperature or current fluctuations or mechanical in-
stabilities. Since laser cooling would not be possible with these drifts, the
laser frequency must be stabilised. The lasers used for cooling in our exper-
iment are locked to Rb and Cs transitions using frequency modulation and
modulation transfer spectroscopy. This way, the laser drift can be limited to
below 1MHz.
The requirements for STIRAP lasers are different. Generally, there is no
nearby atomic transition which can be used to derive an error signal, so these
stable reference points have to be produced artificially. Another difference
arises from the requirement of a good relative stability between the two
STIRAP lasers. A very narrow reference is needed to suppress drifts and
use the feedback for linewidth narrowing. A way to produce stable reference
points in frequency space is presented in the previous section in the form
of an optical resonator. Now the lasers have to be stabilised to the cavity
resonances. There are different ways to derive an error signal from a cavity
resonance. Some of them lock to the side of a cavity fringe and some to the
top of it. In this work, we use the top-of-fringe Pound-Drever-Hall locking
technique [171].
4.4.2 Pound-Drever-Hall lock
We use the Pound-Drever-Hall (PDH) technique to derive a dispersive error
signal for laser locking from cavity peaks. The advantages of this technique
are that a very steep zero crossing is produced where a broad recapture range
can be achieved. A modulated laser beam with a carrier frequency ω and
sidebands at ω±ωm with opposite phase is incident on an optical cavity. The
reflected beam is detected with a photodiode. This signal consists of the beat
signal of the carrier with the sidebands. This is mixed with the modulation
frequency to produce an error signal at DC. Below, the derivation of the
PDH signal based on [172] is presented.
The electric field of a beam, phase modulated with the frequency ωm is
described by
Einc = E0ei(ωt+β sin(ωmt)), (4.16)
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where β is the modulation index.
Using the Bessel functions Ji(β), this equation can be expanded to
Einc ≈ E0
[
J0(β)eiωt + J1(β)ei(ω+ωm)t − J1(β)ei(ω−ωm)t
]
. (4.17)
This representation is chosen because it highlights the character of the beam,
which implies three different frequencies. The carrier with frequency ω and
the two sidebands with ω ± ωm. When the power of the incident beam is
P0 = |E0|2, the power in the carrier is
Pc = J20 (β)P0, (4.18)
and in the sidebands
Ps = J21 (β)P0. (4.19)
For a small modulation depth, nearly all the power is in the carrier and the
first-order sidebands. The modulated beam is reflected by the cavity and de-
tected. Now the reflection coefficient can be calculated using equations (4.3),
(4.9) and (4.11)
F (ω) = Er
Ei
= r
exp
[
i ω∆ωFSR
]
− 1
1− r2ei ω∆ωFSR
, (4.20)
and the reflected beam is
Eref = E0
[
F (ω)J0(β)eiωt
+ F (ω + ωm)J1(β)ei(ω+ωm)t − F (ω − ωm)J1(β)ei(ω−ωm)t
]
.
(4.21)
A photodiode detects power Pref = |Eref |2, which results in a photodiode
signal of
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Figure 4.12: Calculated PDH error signal following equation (4.23). (a):
Shape of the PDH signal with the modulation ωm = 15MHz and a ratio
ωm/δνcav of 15 (yellow), 30 (red), 60 (purple) and 300 (blue). (b): 0◦ phase
shift between the two inputs of the mixer (black) and the signal for a 90◦
phase shift (red).
Pref = Pc|F (ω)|2 + Ps|F (ω + ωm)|2 + Ps|F (ω − ωm)|2
+ 2
√
PcPs (<{F (ω)F ∗(ω + ωm)− F ∗(ω)F (ω − ωm)} cosωmt
+ ={F (ω)F ∗(ω + ωm)− F ∗(ω)F (ω − ωm)} sinωmt)
+ (2ωm terms).
(4.22)
At this point, a frequency mixer is used in the experimental setup. It is used
to extract either the cosωmt term or the sinωmt term. The 2ωm terms are
blocked by a low-pass filter. For the optimum phase between the mixer’s
inputs, the error signal is given by
 = −2
√
PcPs= (F (ω)F ∗(ω + ωm)− F ∗(ω)F (ω − ωm)) . (4.23)
The simulated error signal for a 15MHz modulation frequency and different
finesses is presented in the left panel of figure 4.12. In the right panel the
signal for a cavity peak with a FWHM = 2MHz and a modulation frequency
ωm = 15MHz is presented. The result of equation (4.23) is shown in black.
This result is received when the real part is filtered out of equation (4.22),
which happens when no phase shift is present between the two inputs of
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the frequency mixer. The red trace shows the result for the real part of
equation (4.22) which is obtained when there is a 90◦ phase shift between
the mixer inputs. One can see that the black trace gives a good error signal
with the recapture range determined by the modulation frequency ωm. The
maxima of the centre slope are separated by the FWHM of the cavity peaks.
The centre slope D can be written in terms of the Bessel functions of the
modulation depth and it reaches a maximum when Ps/Pc = 0.42 [172].
4.4.3 Setup
Two Toptica DLpro tunable extended cavity diode lasers are used as a ba-
sis for the production of the STIRAP light pulses. The laser used for the
transition between the initial Feshbach state and the electronically excited
state has a centre wavelength of 1558 nm. The maximum output power is
50mW and it can be tuned from 1490 to 1580 nm. This gives a wide tun-
ing range to address different vibrational levels of the electronically excited
state. The second laser has a centre wavelength of 964 nm with a maximum
output power of 80mW. This laser can be tuned from 909 to 986 nm. The
wavelength of both lasers is measured using a Bristol Instruments 621A laser
wavelength meter which operates from 520 to 1700 nm. Its absolute accuracy
is quoted to be ±60MHz. We confirmed this by measuring the frequencies
of the 5P3/2− 4D3/2 and 5P3/2− 4D5/2 two-photon transitions at 1529 nm in
87Rb [170].
The optical setup for the STIRAP laser system is shown in figure 4.13. To
produce the light pulses necessary for the STIRAP transfer, each beam passes
an 80MHz AOM from Crystal Technology. The diffraction efficiency is con-
trolled by an Agilent 33500B series waveform generator. With this setup,
light pulses as short as 200 ns can be produced. Additionally, shutters are
used to block any leakage light from the AOMs into the experiment. The
light is then delivered to the experiment using optical fibres.
It is important to reach Rabi frequencies as high as possible during the STI-
RAP process to reduce the transfer time. The intensity is maximised by
matching the beam radius to the FWHM size of the atomic cloud prior to
magnetoassociation which is ∼ 40µm. The focussing lens has to be at a
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Wavelength Direction w0 zR(nm) (µm) (mm)
980 Horizontal 35.3(6) 4.0(2)Vertical 36(3) 4.2(7)
1550 Horizontal 37(1) 2.8(2)Vertical 40(1) 3.2(2)
Table 4.3: 1/e2-radii (w0) at the beam waists of the STIRAP beams and the
resulting Rayleigh ranges zR.
distance of > 20 cm from the atoms due to the space constraints around the
UHV glass cell. A combination of a beam with a radius of 2.62(3)mm and
4.33(2)mm for 980 nm and 1550 nm respectively and an achromatic doublet
lens with a focal length of 250mm leads to the desired tight focus at the
position of the molecular cloud. To produce beams with the right diameter,
the beams are collimated using 30mm (980 nm) and 50mm (1550 nm) achro-
matic doublet lenses after the light is coupled out of the bare fibres. The
resulting beam parameters are presented in table 4.3. The beams then pass
a half waveplate to adjust the polarisation before they are overlapped using
a dichroic mirror (Thorlabs DMLP1180L).
The alignment of the STIRAP beams was divided into several steps. Due
to the higher temperature and larger atom number, the atoms form a larger
target than the molecular sample. Hence, for coarse alignment, atoms from
the dipole trap were loaded into the 980 nm beam. The centre of the atomic
cloud can be found by a fit to the loading efficiency versus beam position.
Following this, the 1550 nm beam was overlapped with the 980 nm beam.
Fine adjustment was possible after a bound molecular state was found and
the 1550 nm laser was resonant with the molecular transition. The focus
of the beam was shifted to minimise the lifetime of the molecules during
irradiation with resonant light. The results of this measurement are presented
in chapter 8.5.
A small amount (∼ 500µW) of the light at each wavelength is used to sta-
bilise the lasers to the cavity. One drawback of a scheme where a laser is
locked to the resonance of a cavity is that the locking points are separated by
the FSR. Different techniques were developed to bridge these gaps. AOMs
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Figure 4.13: Overview of the STIRAP laser system. The light is produced
by two Toptica DLpro lasers. Light for locking is sent to the cavity setup
with the PDH locking optics via fibre coupled EOMs. The light used for the
experiment passes through AOMs to produce the STIRAP pulses before it
is coupled into optical fibres. The two beams are overlapped on the experi-
mental table and the beam is focussed to the size of the atomic cloud before
magnetoassociation.
can be used to shift the frequency [173], but this technique suffers from low
bandwidth of a few 100MHz. A second laser can be offset phase-locked to a
laser stabilised to the cavity [174], but this requires a second laser and adds
complexity. We followed the approach to send the laser light through a fibre-
coupled EOM and lock the frequency of a sideband to a cavity [175]. The
carrier frequency is then tuned by changing the phase modulator frequency
with one sideband stabilised to the cavity. The advantage of fibre-coupled
EOMs is that they do not need a resonant electric circuit and hence work in
a much wider frequency range than free space EOMs. We use phase modula-
tors from Thorlabs (LN65S-FC) and EOSpace (PM-0K5-10-PFA-PFA-980)
for 1550 nm and 980 nm, respectively. The EOMs can produce sidebands
from DC to 10GHz and can thus easily be used to bridge the free spectral
range of the cavity of 1.5GHz. Two 1GHz frequency generators (Agilent
E4400B) are used to drive the EOMs.
The light from the fibre coupled EOMs is directed to the optical setup for
the PDH lock shown in figure 4.13. In section 4.4.2 we have seen that the
error signal is derived from a phase modulated beam which is reflected from
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Figure 4.14: Electronic set up to produce the PDH error signal. The signal
of a frequency generator is split into two parts using a Mini Circuits (MC)
directional coupler. The main part is needed to drive the EOM, which phase
modulates the laser beam. +7dBm of the signal is coupled into a mixer
together with the detected reflection signal from the cavity. The resulting
signal is sent through a low pass filter to the lock box.
an optical cavity. The cavity we used is described in section 4.3.2 and we
use an optical setup described in section 4.2.2 to couple the light into the
resonator.
The light is modulated at 10.1MHz (980 nm) and 13.6MHz (1556 nm) using
home-built EOMs. The EOM design is described in a previous thesis of our
group [135]. It uses a 30mm long lithium niobate (LiNbO3) crystal from
DÖHRER Elektrooptik. The crystal is embedded in a simple LCR circuit
where it acts as the capacitance. The modulation frequency determines the
recapture range of the lock and was chosen due to available electronic devices
to produce and process the signal. The modulated beam, reflected from
the cavity, is picked up using a quarter waveplate and a polarising beam
splitter. A Thorlabs photodiode with a bandwidth of 150MHz (PDA 10CF-
EC) is used to detect the 1550 nm beam. For the 980 nm beam a home-built
detector is used. It is based on a Hamamatsu S5971 photodiode and a design
presented in [176]. The bandwidth of both photodiodes must be larger than
the modulation frequency of the EOMs. A photodiode signal of 11V/mW
(980 nm) and 9.5V/mW (1550 nm) is produced at the individual wavelengths.
The electronic path to produce and process the locking signal is shown in
figure 4.14. The modulation signal is produced with a 20MHz frequency
generator. The 20Vpk-pk signal is split using a directional coupler. The
main output is used to drive the resonant EOM and the coupled output
provides a +7dBm signal for the local oscillator (LO) input of the mixer.
The generated frequency and the photodiode signal of the modulated laser
beam reflected from the cavity, is fed into a frequency mixer. As we have
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Figure 4.15: PDH error signal (top) and cavity transmission signal (bottom)
at 1550 nm. The modulation frequency is ωm = 13.8MHz. One can clearly
see that the outer zero crossings are at the positions of the sidebands. The
transmission signal over 20ms while the laser is locked is shown in blue. The
dashed line in the top panel is at zero volts. The inset shows a zoom onto
the centre slope which is used for locking with the same axis assignment as
the main plot.
seen in the previous section, the phase of the two inputs is important and
is adjusted using different cable lengths between the directional coupler and
the frequency mixer. The mixer, together with the following low-pass filter,
process the signal according to equation (4.22) and (4.23). The error signal
at this point is shown in figure 4.15. This signal is fed into a fast analogue
linewidth controller (FALC) from Toptica which stabilises the laser to the
steep slope in the signal centre at the position of the cavity peak.
4.4.4 Locking performance
The PDH lock is used to both stabilise the laser frequency and to narrow
the laser linewidth. We expect a linewidth around 1 kHz for our lasers. To
determine how good the laser lock is, we have to measure the linewidth
in this range. There are different techniques to do this. One of them is
the self-heterodyne method [177]. Here, the beat note of a laser with itself
is measured after the beam was split and one part sent through an AOM
and the other part delayed by sending it through an optical fibre. The
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fibre length must be longer than the expected coherence length of the laser.
The coherence length of a 1 kHz laser is ∼ 100 km and thus the technique is
impractical for such low linewidths. A technique based on the self-heterodyne
method where the laser beam is sent several times through the same fibre
exists [178]. The problem here is the losses occurring after each round trip,
which make it necessary to use a fibre amplifier in the loop. This falsifies
the results for low laser linewidth. A different approach is to build a second
setup with similar or better properties and beat the lasers against each other.
The width of the beat note gives an estimate of the maximum linewidth of
both lasers. This technique is cost, time and space-intensive.
Instead, we use two indirect ways to evaluate the performance of the locking
setup. First we detect the transmission signal of the cavity. Since we know
the shape of cavity transmission peaks from equation (4.12), we can deter-
mine frequency drifts by the noise on the transmission signal. We recorded
the transmission signal of a locked laser for 20ms (figure 4.15) and calculated
its noise distribution. Comparing this distribution to the width of a trans-
mission peak results in a FWHM of 22(2) kHz of the noise in the locking
signal. Since this data is taken over a long time compared to a STIRAP
transfer and the noise on the transmission signal is not necessarily frequency
noise of the laser, this can only be seen as an upper limit of the linewidth of
the laser.
The second technique allows us to improve the performance of a fast lock
without knowing the resulting linewidth. A part of the error signal is fed
into a spectrum analyser. The signal is extracted with a directional coupler
before the mixer. In figure 4.16, the recorded noise spectrum for an unlocked
laser, a laser locked to the cavity peak with a slow lock only and a laser
locked to the cavity with a fast lock is presented. The frequency at which
the system oscillates at high gain (yellow trace in figure 4.16) is an indicator
of the locking bandwidth [179].
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Figure 4.16: The noise spectrum measured at the mixer input of an unlocked
laser (red), slow lock (blue), fast lock (black) and fast lock with high gain
(yellow). The frequencies are given relative to 13.8MHz. The peaks at high
gain are at 0.97MHz, which indicates that noise up to this frequency is
suppressed, i.e. the servo bandwidth is approximately this wide.
Chapter 5
Interspecies Feshbach
spectroscopy of 85RbCs
The following publication resulted out of the work presented in this chapter:
Feshbach spectroscopy of an ultracold mixture of 85Rb and 133Cs
H.-W. Cho, D. J. McCarron, M. P. Köppinger, D. L. Jenkin, K. L. Butler,
P. S. Julienne, C. L. Blackley, C. Ruth Le Sueur, J. M. Hutson and S. L.
Cornish
Phys. Rev. A 87, 010703(R) (2013), 10.1103/PhysRevA.87.010703
We report the observation of interspecies Feshbach resonances in an
optically trapped mixture of 85Rb and 133Cs. We measure nine resonances
in the lowest spin channel for a magnetic field range from 0 to 700G and
show that they are in good agreement with coupled-channel calculations. The
interspecies background scattering length is close to zero over a large range
of magnetic fields, permitting the sensitive detection of Feshbach resonances
through interspecies thermalisation. Our results confirm the quality of
the Rb-Cs potential curves [Phys. Rev. A 85, 032506 (2012)] and offer
promising starting points for the production of ultracold polar molecules.
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Figure 5.1: Interspecies s-wave scattering length between 85Rb and 133Cs in
the (2,+2) and (3,+3) state respectively [180].
5.1 Introduction
Although the experiment was developed to produce ultracold mixtures of
87Rb and 133Cs, it was designed such that only minor changes had to be un-
dertaken to adapt the system to cool 85Rb instead [136]. This opens the door
to investigate the interactions of 85Rb and 133Cs, presented in this chapter,
and the intraspecies scattering properties of 85Rb, presented in chapter 6.
It should be noted that the two mixtures behave in a fundamentally dif-
ferent way, which was not known before the 85Rb–133Cs interactions were
investigated during the course of this work.
The ‘least-bound-state’ of the 87RbCs molecule has a binding energy of
110(20) kHz×h [83], which leads to a high interspecies scattering length be-
tween the two constituent species of +645(60) a0. Due to this, this mix-
ture suffers from high interspecies three-body recombination loss [158–160].
However, experiments investigating the scattering properties of this mixture
[83, 126] resulted in a good model of the interspecies potential [83] that can
be used to precisely predict the scattering properties between 85Rb and 133Cs
in their absolute internal ground states using coupled-channels calculations.
The results for 85Rb in the (2,+2) state and 133Cs in the (3,+3) state are pre-
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sented in figure 5.1. We face the interesting situation that the interactions
change completely, and instead of a high background scattering length in
the 87Rb–133Cs mixture, we are dealing with very small interactions between
85Rb and 133Cs over a wide magnetic field range up to 1000G. Due to this,
an adapted cooling sequence has to be investigated in our experiment since
cooling of 133Cs at low temperatures can not rely on sympathetic cooling any
more. On the other hand, Feshbach resonances are predicted in this field
range which offer the possibility to tune the interactions of the mixture and
open the door to magnetoassociation of Feshbach molecules. A total of 32
s-wave resonances were predicted in the field range from 0 to 800G, eight
of them wider than 0.1G. Note that the definition of a resonance width is
complicated due to the small background scattering length of this system.
The definition of a calculated width is the difference between the pole and
the zero crossing of the scattering length at a Feshbach resonance. In a sys-
tem with small background scattering length, this definition can lead to very
large theoretical width.
5.2 Experiment
The experimental procedure and changes made to the setup for the produc-
tion of a high PSD mixture of 85Rb and 133Cs is described in a previous PhD
thesis from our group [136].
After both species are loaded into the magnetic trap in the (2,−2) (85Rb)
and (3,−3) (133Cs) states, forced RF evaporation is applied to cool 85Rb. At
this stage, 133Cs is cooled sympathetically by interspecies elastic collisions.
At a temperature of 50µK, when further efficient cooling is prohibited due
to Majorana spin flips [157] in the quadrupole trap, the atoms are loaded
into the optical dipole trap by lowering the field gradient to 21.2G/cm, just
below 22.4G/cm, the value required to levitate 85Rb at zero magnetic bias
field. At this stage, 4.05W are used in each dipole trap laser beam. Now the
atoms are transferred into their absolute ground state via RF rapid adiabatic
passage [66], where two-body loss is suppressed for energetic reasons [152].
At this stage, 2.0(1)× 105 85Rb atoms with a temperature of 7.9(1)µK and
2.3(1)× 104 133Cs atoms at 10.6(5)µK are confined in the dipole trap. The
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trap depth is 53µK and 71µK for 85Rb and 133Cs, respectively. We load ∼ 10
times more 85Rb than 133Cs into the dipole trap so that the minority species
is exposed to a collisional bath of the other species to increase the signature
of Feshbach resonances [181]. Evaporative cooling is applied to both species
by reducing the beam power to 1.01W in 2 s, which reduces the trap depth
to 14µK for 85Rb and 19µK for 133Cs. The trap frequencies at this point are
ωrad = 2pi × 251Hz and ωax = 2pi × 48Hz for 85Rb and ωrad = 2pi × 235Hz
and ωax = 2pi × 46Hz for 133Cs.
Since the magnetic moment to mass ratio of both species is different, in
contrast to an 87Rb–133Cs mixture, different magnetic gradient fields are
necessary to levitate both species. To load the dipole trap, a gradient which
is slightly too small to levitate 85Rb is applied. This results in a gravitational
sag of the 133Cs cloud which is levitated at a gradient field of 31.1G/cm. We
calculated the sag to be . 2 µm, which is significantly less than the full
width at half-maximum of the atomic clouds which is ' 24µm. This means
that the overlap of the clouds is not strongly affected.
In contrast to previous experiments, where Feshbach resonances were de-
tected by loss features induced by an increased three-body recombination
rate in the vicinity of a Feshbach resonance [69, 182, 183], the small back-
ground scattering length makes another detection method possible. Since the
trap is ∼ 1.35 times deeper for 133Cs than for 85Rb due to different polaris-
abilities at 1550 nm, the two gases thermalise to different temperatures after
evaporation in the absence of interspecies collisions. If there are elastic colli-
sions between the species, sympathetic cooling can be observed and the two
species thermalise to the same temperature. To make use of this property,
the whole evaporation process after the spin flip is undertaken at different
magnetic bias fields and the atoms are subsequently held in the trap for an
additional 1 s. Feshbach resonances are then detected by thermalisation of
the two species in their position. Using this method, interactions between
the two species can be detected for scattering lengths larger than 60 a0.
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Figure 5.2: Top: Temperature data for a mixture of 85Rb (closed circles) and
133Cs (open circles) in the (2,+2) and (3,+3) state, respectively, evaporated
at different magnetic bias fields from 0 to 700G. The positions of observed
Feshbach resonances are marked with arrows, where solid (dashed) arrows
mark s-wave (p-wave) resonances. The dotted arrows mark features gener-
ated by the dipole trap lasers (see section 5.4). The standard deviation at
representative magnetic fields is shown with error bars. Bottom: Interspecies
scattering length and molecular states close to threshold. The bound-state
energies are plotted relative to the energy of the lowest hyperfine state of
85Rb 133Cs. The black lines mark bound states arising from L = 0 (s states).
Bound states arising from L = 2 (d states) are represented by coloured lines
corresponding to their value of MF . Vertical lines in the scattering length
data mark the position of Feshbach resonances and their length is propor-
tional to the logarithm of the width of the resonance. The grey shaded area
marks the region where |a| < 60 a0 and no thermalisation is observed [127].
5.3 Results
We measured the interactions between 85Rb and 133Cs in the (2,+2) and
(3,+3) respectively in a field range from 0 to 700G. The results for a coarse
magnetic field scan together with the interspecies scattering length and the
bound-state energies obtained from coupled-channel calculations are pre-
sented in figure 5.2.
Sympathetic cooling of 133Cs by 85Rb can be observed where |a| > 60 a0. The
range of |a| < 60 a0 is shaded grey in the panel showing the scattering length.
Without interactions, the final 85Rb and 133Cs temperatures after evaporation
are 1.50(3)µK and 2.4(1)µK, respectively. The final atom number depends
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Figure 5.3: 85Rb–Cs interspecies Feshbach resonance at 187.66(5)G. Data
for 85Rb (133Cs) is presented in closed (open) circles. Left: In the presence
of a Feshbach resonance the interspecies interactions increase and 85Rb cools
133Cs sympathetically during the evaporation process. Right: The cooling
process is more efficient for 133Cs when cooled sympathetically. Here atom
loss is observed for 85Rb due to an increased heat load on the gas. The
standard deviation at a representative magnetic field is shown with error
bars.
strongly on the intraspecies scattering properties at the individual magnetic
fields.
Figure 5.3 represents the signature of an interspecies Feshbach resonance at
187.66(5)G. In the vicinity of a Feshbach resonance, the interactions between
the two species increase and thermalisation can be observed. In this magnetic
field range, 133Cs is cooled sympathetically by 85Rb. The final temperature
of 85Rb is increased. The additional heat load on 85Rb leads to losses while
the sympathetic cooling of 133Cs leads to more atoms remaining in the trap.
Lorentzian fits are used to determine the position of each feature. For the
final field of the Feshbach resonance, weighted averages of all positions are
calculated. In some cases, not all four features were as prominent as in this
example. For instance, around the broad Feshbach resonances at 110G, only
the atom number data was useful to determine the position of a resonance
(figure 5.4).
When examining the results of this measurement, one has to carefully dis-
tinguish between features caused by an intraspecies Feshbach resonance and
features caused by interspecies interactions, especially in this mixture, where
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Figure 5.4: 85Rb-Cs Feshbach resonances at 107.13(1) and 112.6(4)G. Data
for 85Rb (133Cs) is presented in closed (open) circles. The temperature data
presented in the bottom panel can not be used to determine the position of
Feshbach resonances in areas with large interspecies scattering length since
both species are in thermal equilibrium over a wide magnetic field range.
Here only the atom number loss data presented in the top panel is used to
determine the position of the Feshbach resonances. The error bars indicate
the statistical uncertainties gained from three measurements.
both 85Rb and 133Cs show a rich Feshbach structure in the investigated mag-
netic field range. Figure 5.5 shows a region where one intraspecies 85Rb and
one interspecies resonance exist. A peak in temperature and a drop in atom
number for 85Rb exist in both cases, but since no effect on the 133Cs temper-
ature data is detected, the feature at 368.78(3)G can be identified as a 85Rb
intraspecies resonance. In contrast to this, thermalisation can be observed
at 370.39(1)G through sympathetic cooling.
In table 5.1, all nine experimentally confirmed Feshbach resonances between
85Rb in the (2,+2) and Cs in the (3,+3) state are listed with their individual
state assignment. Their positions are in good agreement, with theoretical
predictions also shown in the table.
5.4 Dipole trap induced features
In the process of this measurement, two prominent features which were not
predicted in theory were observed. They are marked with dotted arrows in
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Figure 5.5: 85Rb-Cs interspecies Feshbach resonances at 370.39(1)G and
intraspecies 85Rb resonance at 368.78(3)G. Data for 85Rb (133Cs) is presented
in closed (open) circles. Left: In the position of both resonances 85Rb atom
loss can be observed. Right: The temperature data for both species helps to
identify the origin of the features. While thermalisation can be observed at
an interspecies resonance, no effect on the Cs temperature is detected in the
vicinity of an intraspecies 85Rb Feshbach resonance. The standard deviation
at a representative magnetic field is shown with error bars.
figure 5.2 at 233.9(2)G and 246.5(3)G. Additional to the temperature data
shown here, large losses were observed at these fields. We found that the
features were induced by the dipole trapping lasers. AOMs are used to control
the power in the two dipole trap laser beams (see figure 3.1). They detune
the beams by 50MHz in opposite directions to avoid interferences. The
frequency can not be changed easily, since fixed frequency drivers are used
for the AOMs. Additionally, a polarising beam splitter is used to split the
beam derived from one fibre laser, which leads to a perpendicular polarisation
between the two beams. This makes it possible to inadvertently drive two-
photon transitions.
To test if this happens in this case, we repeated the experiment under dif-
ferent conditions. In figure 5.6(a), a zoom into the data from the coarse
scan is presented. The two species thermalised at 233.9(2)G. No reliable
temperature data was present for 246.5(3)G due to large atom losses in this
field region, which was used to determine the position of this feature. For
the data presented in figure 5.6(b), the polarisation of both dipole trap laser
beams was rotated by 90◦ by placing two zero-order λ/2-waveplates into the
beam paths. The two species still thermalised at the same fields and data at
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Figure 5.6: Temperature of 85Rb (closed circles) and 133Cs (open circles) in
a magnetic field range including the two unpredicted features. The data was
taken with (a) perpendicular polarisation of the crossed dipole trap laser
beams (normal operating conditions), (b) perpendicular polarisation rotated
by 90◦, (c) parallel polarisation and (d) parallel polarisation plus a 100MHz
RF magnetic field perpendicular to the quantisation field. The feature can be
suppressed using parallel polarisation and recovered by applying a magnetic
field modulated at the same frequency as the detuning of the two dipole trap
beams.
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Experiment Theory
Assignment
B ∆B Inc. l f mf B ∆B
(G) (G) Wave (G) (G)
70.68(4) 0.8(1) p 1 - - 70.54 -11.62
107.13(1) 0.6(2) s 0 5 5 109.08 35.0
112.6(4) 28(5) s 2 6 6 112.21 -0.1711
187.66(5) 1.7(3) s 0 6 5 187.070 -4.0580
370.39(1) 0.08(4) s 2 7 7 370.374 3.909
395.20(1) 0.08(1) s 2 7 6 395.112 0.4488
577.8(1) 1.1(3) s 0 6 5 578.365 0.3412
614.6(3) 1.1(4) p 1 - - 614.984 -6.773
641.8(3) 6(2) s 0 5 5 642.115 576.5
Table 5.1: Feshbach resonances in a mixture of 85Rb and Cs in their individ-
ual absolute ground states. The experimental errors inB0 and δ are statistical
uncertainties resulting from the Lorentzian fits to the loss features. Addi-
tional systematic magnetic field uncertainties of ±0.1G and ±0.5G have to
be added for the ranges 0 − 400G and 400 − 800G, respectively. The the-
oretical and experimental positions of resonances around 110G can not be
compared since not all resonances in this region have been resolved experi-
mentally.
the 246.5(3)G feature could now be taken since the evaporation process was
stopped earlier, resulting in a slightly higher atom number and temperature.
In another experiment, both beams were horizontally polarised. The results
in figure 5.6(c) show that the features disappeared for this configuration.
The same applies to a configuration where both lasers were polarised in
the vertical direction. Subsequently, we applied a 100MHz RF magnetic
field perpendicular to the quantisation axis while the beams were polarised
parallel to each other. In this experiment, the features reappeared as the
results in figure 5.6(d) show. The measurements together with calculations
of the position of bound states in this field region suggest that the features
arise from a two-photon Raman coupling to bound or quasibound states of
the 85RbCs molecule with MF = +4 or +6. The state can not be populated
using parallel polarised light due to selection rules and therefore the features
disappear under this condition.
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5.5 Conclusion
The results presented in this chapter show the fundamentally different in-
teractions between the two species in an 85Rb–Cs mixture compared to an
87Rb–Cs mixture. A background scattering length close to zero over a wide
magnetic field range potentially allows efficient cooling of both species with-
out suffering from high interspecies three-body collisions. A phase separation
of the two condensed clouds observed in the 87Rb–Cs mixture [160] is not
expected in this mixture. This would lead to a better overlap of the clouds
at high PSD. The presence of several narrow Feshbach resonances in an eas-
ily accessible magnetic field range makes this mixture a good candidate for
magnetoassociation. The two wide resonances at 112.6(4)G and 641.8(3)G
can be used to precisely control the interactions of the mixture and open the
possibility to study Efimov physics in a heteronuclear system [184].
The observed features make this mixture an interesting candidate for future
experiments with heteronuclear molecules. However, efficient magnetoassoci-
ation is not possible in the apparatus yet because the highest achievable PSD
of the mixture is 0.059(4) for 85Rb and 0.041(4) for 133Cs and thus not suf-
ficiently high [185]. To reach a higher PSD and presumably condensation of
85Rb, a new dipole trap setup with larger trapping volume is planned. Here
we profit from experiences made with a similar setup in another experiment
of our group where quantum degeneracy can be reached with 85Rb atoms
[186]. The initial number of atoms trapped in the optical dipole trap there is
a factor of two higher. A new dipole trap using a 1070 nm single mode fibre
laser with 50W maximum output power will make it possible to produce a
larger trapping volume, benefiting from the larger polarisability of the atoms
at this wavelength and the higher output power compared to the current
setup. This change will make it possible to produce 85RbCs molecules and
explore the molecular states close to threshold presented in the bottom panel
of figure 5.2.
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The following publication resulted out of the work presented in this chapter:
Feshbach resonances in ultracold 85Rb
C. L. Blackley, C. Ruth Le Sueur, J. M. Hutson, D. J. McCarron, M. P.
Köppinger, H.-W. Cho, D. L. Jenkin and S. L. Cornish
Phys. Rev. A 87, 033611 (2013), 10.1103/PhysRevA.87.033611
We present 17 experimentally confirmed Feshbach resonances in opti-
cally trapped 85Rb. Seven of the resonances are in the ground state channel
(f,mf ) = (2,+2) + (2,+2), and nine are in the excited state channel
(2,−2) + (2,−2). We find a wide resonance at high field in each of the
two channels, offering new possibilities for the formation of larger 85Rb
condensates and studies of few-body physics. A detailed coupled-channels
analysis is presented to characterize the resonances, and also provides an
understanding of the inelastic losses observed in the excited-state channel.
In addition we have confirmed the existence of one narrow resonance in a
(2,+2) + (3,+3) spin mixture.
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6.1 Overview
The scattering properties of 87Rb and 85Rb are vastly different. 87Rb was
amongst the first atomic species to be condensed due to its favourable scat-
tering length of about 100 a0 in a very wide accessible magnetic field range.
This makes the formation of the BEC possible almost independent of the
magnetic bias field. Amongst others, this is a reason why 87Rb is one of the
favourite species used in BEC experiments. In contrast, 85Rb has a large neg-
ative background scattering length of about −400 a0. However, it also has
Feshbach resonances at easily accessible magnetic fields [187]. The negative
background scattering length prohibits condensation, but the possibility to
tune the interactions in the vicinity of a wide Feshbach resonance at 155G
makes the formation of a BEC in the (2,−2) state possible [186, 188, 189].
The existence of this resonance makes 85Rb an interesting species where
precise tuning of the interactions is desired. For example, for studies of con-
densate collapse [114, 188, 190, 191], bright matter wave solitons [192] and
few-body physics [193]. However, all these experiments were undertaken in
the (2,−2) state at fields near the 155G resonance. The scattering proper-
ties at larger bias fields and in the absolute (2,+2) ground state remained
unexplored in theory and experiment.
Work on a mixture of 85Rb and 133Cs presented in the previous chapter shows
that this combination has promising properties for the production of ultra-
cold molecules. However, a good understanding of the scattering properties
of the constituent species is necessary for further work on the mixture. While
extensive studies on Cs have been performed [110] and the scattering prop-
erties are now well known, the scattering properties for 85Rb still had to
be investigated. Additionally, some intraspecies Feshbach resonances were
already observed during the course of the work on 85Rb–133Cs.
In this chapter, the results of our studies on the scattering properties of 85Rb
in the (2,−2) state and (2,+2) state is presented. A total of 16 Feshbach
resonances were located experimentally in a magnetic field up to 1000G.
Additionally, one Feshbach resonance in a (2,+2) + (3,+3) spin mixture was
detected.
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6.2 Experiment
Since 85Rb and 133Cs do not interact over a wide magnetic field range, the
two species can be seen as cooled independently in the mixture experiment
scheme presented in the previous chapter. This is why the experimental
procedure for cooling 85Rb alone presented here is very similar.
About 6.0(3)×105 85Rb atoms are loaded into the crossed optical dipole trap
with 4W in each beam. The trap is 51µK deep and has trap frequencies of
ωax = 2pi × 95Hz and ωrad = 2pi × 495Hz. For different experiments, we
either keep the atoms in the (2,−2) state or transfer them into the (2,+2)
state via rapid adiabatic passage [66]. When working in the magnetic low-
field seeking (2,−2) state, the magnetic gradient field is switched off and
the atoms are confined in a pure optical trap. This must be done since
the gradient field for our coil configuration adds to the gravitational force
instead of cancelling it. Evaporative cooling is then performed by reducing
the dipole trap power to 1W within 2 s and a 1 s hold time at the final trap
depth. The whole evaporation process is performed at individual magnetic
fields between 0 and 1000G. The position of a Feshbach resonance is then
detected by a change of the atom number in the vicinity of the resonance,
since the three-body recombination rate scales with a4.
6.3 Feshbach resonances in the (2,−2) state
We investigated the scattering properties of 85Rb in the (2,−2) state up to
a magnetic bias field of 1000G. In contrast to interactions in the absolute
ground state of the atoms, inelastic scattering can also occur in this excited
state. This leads to a complex scattering length [123]
a(B) = α(B)− iβ(B), (6.1)
where α(B) corresponds to the real part of the scattering length responsi-
ble for elastic collisions and the two-body inelastic loss rate is proportional
to β(B). When colliding inelastically, the atoms decay into lower magnetic
sublevels with mf > −2 and are lost from the trap. Figure 6.1 shows the
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Figure 6.1: Real- (top panel) and imaginary- (centre panel) parts of the
s-wave scattering length of 85Rb in the (2,−2) state. Each resonance is indi-
cated by a coloured vertical line that indicates its MF value (see legend); for
pole-like resonances, the length of the line is proportional to the logarithm
of the width of the resonance. Dashed lines mark inelastic dominated reso-
nances that are present in the imaginary part β, but do not necessarily show
a feature in the real part α of the scattering length. Bottom panel: Molecu-
lar states close to threshold. The bound-state energies are plotted relative to
the energy of the (2,−2) state of 85Rb. Only states with no continuum in-
terference (MF ≤ −4) are shown in the bound-state map, but all resonances
are included in the scattering length. All calculations in this figure are for
Mtot = −4, corresponding to s-wave scattering in the (2,−2) channel.
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Figure 6.2: A narrow 85Rb Feshbach resonance at 248.64(1)G in the (2,−2)
state. Left: Atom loss is observed at a Feshbach resonance due to the in-
creased three-body recombination rate. Right: The temperature is increased
in this region due to a decreased evaporation efficiency. The error bars indi-
cate the statistical uncertainties gained from three measurements.
real part (α) and the imaginary part (β) of the scattering length in the top
two panels. In order to characterise the Feshbach resonances in an excited
state, the resonant scattering length (ares) is defined. It is the ratio of the
couplings from the quasibound state the resonance arises from and the in-
coming inelastic channels [194]. The real part of the scattering length shows
an oscillation at an amplitude ares when the background inelastic scattering
is small. Similarly, the imaginary part has a peak with height ares. The
real and imaginary part of the scattering length show poles at Feshbach res-
onances arising from bound states with MF = −4,−5 and −6. For all of
them, ares > 20 a0 and for most of them, ares > 1000 a0. The features due to
resonances arising from MF = −2 and −3 states have ares < 15 a0 and show
nearly no feature in the real part, but weak, broad features in the imaginary
part of the scattering length.
In figure 6.2, the atom loss signal for a narrow Feshbach resonance is shown.
Here a dip in the atom number can be observed due to increased three-body
losses. At the same time, the evaporation efficiency decreases, since losses
occur predominantly from the coldest atoms in the sample, leading to a peak
in the temperature. The final position of a resonance is determined by the
weighted average of the position of both features determined by Lorentzian
fits. The experimental width of a Feshbach resonance showing such a feature
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Figure 6.3: A broad 85Rb Feshbach resonance at 532.3(3)G in the (2,−2)
state. The feature shows a minimum in atom number at the position of the
pole of the Feshbach resonance and a maximum at a scattering length where
evaporative cooling is most efficient. The width of such a resonance is deter-
mined by the difference in field between the maximum and the minimum.
is determined by the width of the loss feature.
Broad Feshbach resonances show a feature in the atom number with a differ-
ent shape, presented in figure 6.3. Here a number maximum and a minimum
can be observed. The minimum marks the position of the pole in the scat-
tering length and the maximum of the scattering length where evaporative
cooling is most efficient. The difference in the field is used to determine an
experimental width of these resonances. The definition is not necessarily the
same as the calculated width of a resonance, which is the difference in field
between the pole and the closest zero crossing of the scattering length. This
leads to different experimental and theoretical widths presented in table 6.1
[195].
In figure 6.4, two features dominated by inelastic collisions are presented. In
the presence of such a feature, the atoms experience an increasing two-body
loss rate and thus a minimum in atom number can be detected. Additionally,
the evaporation efficiency decreases and a peak in temperature can be ob-
served. The two examples are the features with the largest calculated values
of ares. The rate coefficient, also shown in figure 6.4, for two body losses due
to inelastic collisions from a channel n is
K
(2)
loss(B) =
2h
µ
gnβ(B), (6.2)
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Figure 6.4: Features, dominated by inelastic scattering of 85Rb in the (2,−2)
state with the largest calculated values of ares at 382.36(2)G and 924.52(4)G.
Left: Atom loss due to increased two-body loss rate in the vicinity of an
inelastically dominated feature. Centre: The evaporation efficiency at a loss
feature is decreased since the coldest atoms are lost preferably. Right: Rate
coefficient for two-body losses due to inelastic collisions.
where β(B) is the imaginary part of the scattering length and, for a thermal
cloud of identical bosons, gn = 2 [59].
The position, width and assignment of all calculated and of the experimen-
tally confirmed features in 85Rb in the (2,−2) state in a magnetic field range
up to 1000G are summarised in table 6.1.
6.4 Feshbach resonances in the (2,+2) state
A full understanding of the scattering properties of 85Rb in the relevant
magnetic field range is necessary for future work on the 85Rb–133Cs mixture.
The scattering length in a magnetic field range up to 1000G was calculated
using coupled-channel calculations and is presented in figure 6.5 together
with the energy of bound states close to threshold.
Chapter 6. Feshbach spectroscopy of 85Rb 89
Incoming s-wave (2,−2) + (2,−2) state
Experiment Theory
B0 δ Assignment B0 ∆ ares abg
(G) (G) L MF (G) (mG) (a0) (a0)
156(1) 10.5(5) 0 −4 155.3 10900 ≥10000 −441
- - 2 −6 215.5 5.5 4000 −374
219.58(1) 0.22(9) 0 −4 219.9 9.1 4000 −379
232.25(1) 0.23(1) 2 −4 232.5 2.0 400 −393
248.64(1) 0.12(2) 2 −5 248.9 2.9 5000 −406
297.42(1) 0.09(1) 2 −4 297.7 1.8 5000 −432
382.36(2) 0.19(1) 2 −3 382 - 15 −457
532.3(3) 3.2(1)† 0 −4 532.9 2300 ≥10000 −474
604.1(1) 0.2(1) 2 −4 604.4 0.03 700 −466
- - 2 −5 854.3 0.002 25 −481
924.52(4) 2.8(1) 2 −3 924 - 9 −476
Table 6.1: Position and assignment of Feshbach resonances for 85Rb2 in the
(2,−2) channel in the field range between 0 and 1000 G. All resonances
shown satisfy ares ≥ 1 a0. The quantum numbers indicate the molecular
states. Experimental errors are uncertainties in the position and width de-
termined from the Lorentzian fits. Broad resonances, where the experimental
width is determined between the minima and maxima in the atom number,
are labelled with †. Additional systematic uncertainties of 0.1G and 0.5G
apply to resonance positions in the field ranges 0 to 400G and 400 to 1000G
respectively. The resonances near 155G and 220G have been measured pre-
viously [196, 197].
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Figure 6.5: Top panel: 85Rb s-wave scattering length in the (2,+2) state.
Bottom panel: Binding energy of weakly bound molecules with respect to
the energy of the free atoms in the (2,+2) state. Feshbach resonances are
marked with lines and their different colours indicate their value of MF (see
legend). Their length is proportional to the logarithm of the width of the
resonance. All calculations in this figure are for Mtot = 4, corresponding to
s-wave scattering in the (2,+2) channel [123].
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Figure 6.6: 85Rb Feshbach resonances at 770.81(1)G and 852.3(3)G in the
(2,+2) state.
The scattering length is negative in this field range and affected by the broad
Feshbach resonance in the (2,−2) state at 155G. Interestingly, in addition
to several narrow features, the scattering length shows a broad Feshbach
resonance at 851.3G. Here the scattering length is positive between 850.1G
and the position of the pole. This feature opens the possibility to produce a
85Rb BEC in the absolute ground state in future experiments. The atom loss
feature observed at the position of this resonance is presented in figure 6.6
together with the loss feature of a narrow Feshbach resonance at 770.81(1)G.
The features show the same properties for broad and narrow resonances as
described in the previous section. The calculated and measured results of
Feshbach resonances in the (2,+2) state are summarised in table 6.2.
6.5 Feshbach resonances in a spin mixture
Additionally to the calculations for the two previous states, the scattering
length between different spin states of 85Rb was studied. The scattering
length was calculated between atoms in the (2,+2) state and the (3, 0...+ 3)
states and atoms in the (2,−2) state and the (3, 0... − 3) states. Feshbach
resonances are predicted for all spin mixtures. We have measured the position
of one Feshbach resonance in a spin mixture of 85Rb in the (2,+2) + (3,+3)
states. For this measurement, the atoms were first cooled in the dipole trap
according to the experimental sequence for a measurement in the (2,+2)
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Incoming s-wave (2,+2) + (2,+2) state
Experiment Theory
B0 δ Assignment B0 ∆ abg
(G) (G) L (fa,fb) F MF (G) (mG) (a0)
164.74(1) 0.08(2) 2 (2,2) 4 2 164.7 −0.0006 −432
171.36(1) 0.12(2) 2 (2,2) 2 2 171.3 −0.02 −431
368.78(4) 0.4(1) 2 (2,2) 4 3 368.5 −0.06 −413
- - 2 (2,3) 3 2 594.9 −0.4× 10−6 −401
- - 2 (2,3) 5 3 685.0 −0.4× 10−4 −396
- - 2 (2,3) 5 2 750.8 −0.0003 −392
770.81(1) 0.11(2) 2 (2,3) 5 4 770.7 −0.5 −390
809.65(3) 0.3(1) 2 (2,3) 3 3 809.7 −0.09 −383
819.8(2) 0.7(5) 2 (2,3) 5 5 819.0 −5.4 −380
852.3(3) 1.3(4)† 0 (2,3) 5 4 851.3 −1199 −393
- - 2 (2,3) 2 2 961.8 −0.01 −390
- - 2 (2,3) 4 4 980.5 −0.7 −387
Table 6.2: Position and assignment of Feshbach resonances for 85Rb2 in the
(2,+2) channel in the field range between 0 and 1000G. The quantum num-
bers indicate the molecular states. Experimental errors are uncertainties in
the position and width determined from the Lorentzian fits. Broad reso-
nances, where the experimental width is determined between the minima
and maxima in the atom number, are labelled with †. Additional system-
atic uncertainties of 0.1G and 0.5G apply to resonance positions in the field
ranges 0 to 400G and 400 to 1000 G respectively.
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Figure 6.7: Number of 85Rb atoms in the (2,+2) state (closed circles) and in
the (3,+3) state (open circles) versus microwave pulse time. A 250ms pulse
with a frequency of 3088.78MHz is used to produce a mixture with equal
number in each state. Stern-Gerlach separation is used to image atoms in
each species.
state. After the evaporation sequence, a 3088.78MHz microwave pulse at a
bias field of 22.6G is used to populate the (3,+3) state. Before imaging,
atoms in the two states are separated using the Stern-Gerlach technique.
Figure 6.7 shows the dependency of the population distribution on the pulse
length. Initially, all atoms are in the (2,+2) state and after ∼ 250ms, a
mixture containing up to 7(1)×104 atoms in each spin state can be produced
by increasing the atom number loaded into the MOT.
When measuring this Feshbach resonance, one must be careful, since reso-
nances in the (2,+2) state at 810.2G and 818.8G are close to the predicted
position of this resonance of 816.9G. The loss feature measured in the atom
number of 85Rb atoms in the (2,+2) state is shown in figure 6.8. A position
of 817.45(5)G and a width of 0.031(1)G are determined from a Lorentzian
fit. To test if the feature originates from scattering of atoms in different
spin states, the experiment was repeated without applying the microwave
pulse to populate the (3,+3) state. In this experiment, with all atoms in
the (2,+2) state, the feature disappeared, confirming that the feature arises
from scattering between particles in the different spin states.
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Figure 6.8: 85Rb Feshbach resonance between 85Rb atoms in the (2,+2) and
(3,+3) spin states at 817.45(5)G. A loss feature in the atom number in the
(2,+2) state is detected in a mixture with an equal number of atoms in the
(2,+2) and (3,+3) state (closed circles). The loss feature is not visible in a
sample prepared purely in the (2,+2) state (open circles).
6.6 Conclusion
Previous work with 85Rb has focussed on a broad Feshbach resonance at
155G in the (2,−2) state, which makes it possible to precisely tune the
interactions. This has led to the production of a BEC [186, 188, 189], bright
matter wave solitons [192] and studies of few-body physics [193]. Only one
other resonance at a slightly higher field (219.9G) in this state was also
observed previously [197].
We explored the scattering properties of 85Rb in the (2,−2) state to a mag-
netic field range up to 1000G and expanded the investigation to the (2,+2)
absolute ground state in the same field range. In addition to numerous nar-
row resonances, broad resonances were found in both states. Interestingly,
a broad resonance at 851G in the (2,+2) state offers the possibility to tune
the scattering length to a positive value, making evaporative cooling without
two-body loss possible and offering the prospect of BEC formation in the
absolute internal ground state. Insight gained from this work will help to
produce a high PSD sample of 85Rb which is essential for further work on
the 85Rb–Cs mixture and the production of molecules. Furthermore, work is
underway on the construction of a new dipole trap with a larger beam waist
to produce larger samples of ultracold 85Rb and reach a higher PSD.
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7.1 Overview
An important milestone on the way to the production of ultracold polar
ground state molecules is the association of Feshbach molecules from ul-
tracold atoms. Although the final goal is to produce dimers from 87Rb
and 133Cs, we first tested the association ramp sequence with Cs2, where
there is a substantial body of published work [73, 110, 198]. The bound
state spectrum just below threshold is the subject of much current research
[110, 116, 199, 200]. The Cs2 Feshbach molecules have been transferred into
a metastable state above the dissociation threshold [201] and the collisions
between dimers [202–204] and between dimers and atoms [205] have been in-
vestigated. Cs2 molecules were also the first ultracold molecules transferred
to a deeply bound ground state after magnetoassociation using STIRAP [91].
Producing dimers from a single species circumvents some problems one has
to face when working with a two species mixture. One advantage is that the
overlap of the constituent atoms does not have to be taken into account, since
the molecules are formed from one atomic cloud. Another advantage concerns
the imaging. The number of molecules is usually relatively small, in the
range of 104. After dissociation of a homonuclear dimer, double the number
of atoms are imaged, which increases the OD and the minimum number of
95
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Figure 7.1: Top panel: Cs scattering length. The grey areas mark the mag-
netic fields where the creation of Cs Bose-Einstein condensates is possible in
the experiment. Bottom panel: Cs bound state energies for weakly bound
states. The notation is n(f1f2)FL(MF ) [206].
molecules that can be detected compared to a heteronuclear molecule.
Figure 7.1 shows the scattering length of Cs in the high-field seeking (3,+3)
state and the bound state spectrum just below threshold for a magnetic field
up to 30G. Most of the previously mentioned experiments were undertaken
in this field range. The set of quantum numbers used for the near-threshold
levels is n(f1f2)FL(MF ), where n is the vibrational level counted from the
least bound state, fi are the zero-field levels of the Cs atoms, F is the resul-
tant of the fi, L is the partial-wave angular momentum and MF = m1 +m2
following [110]. In the rest of this chapter, an abbreviation of the assignment
to FL(MF ) is used.
For magnetoassociation, the Feshbach resonance arising from the 4g(4)
molecular state at ∼ 19.9G is used. This resonance lies in an easily accessible
field range and it couples directly into a high-field seeking state which can
be levitated against gravity with the implemented coil configuration. This
makes further experiments with the molecules possible without changing the
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Figure 7.2: Cs Feshbach resonance at 19.89(2)G which is used to associate
Cs2 molecules. The position and width of 0.10(2)G are determined by a
Lorentzian fit to the loss feature.
trap parameters significantly. Additionally, cooling of Cs atoms is efficient in
a range of magnetic fields around the Feshbach resonance. The production of
a Cs BEC in our experiment is possible in the two grey shaded field ranges
in figure 7.1, from 18.1 to 19.6G and from 20.2 to 25G separated by the
Feshbach resonance used for magnetoassociation [207].
7.2 Association of Cs2 molecules
The starting point for the magnetoassociation of Cs2 molecules is the pro-
duction of a Cs BEC, the full details of which can be found in previous
publications from our group [135, 136, 160]. Cs is loaded into the optical
dipole trap with 6W per beam, which results in a trap depth of ∼100µK.
Before the evaporation, 2.4(3)×106 Cs atoms are trapped in the (3,+3) state
with a temperature of 15.04(4)µK and a PSD of 1.03(2)×10−3. Evaporation
is achieved by decreasing the dipole trap power over 5.55 s to 55mW, corre-
sponding to a final trap depth of 0.9µK. The atom number after evaporation
is 2.79(4)× 105 and the PSD 0.26(1) at a temperature of 0.26(1)µK. At this
point, a magnetic field gradient is applied to tilt the trapping potential. This
reduces the trap depth with little effect on the trap frequencies [207, 208].
Using this technique, a Cs BEC with ∼ 1× 105 atoms can be produced. In
the molecule production sequence, we usually stop the evaporation before a
BEC is formed.
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Figure 7.3: Cs2 molecules association sequence. The dashed lines show the
sequence for trapping of Cs2 molecules in the optical dipole trap. The dotted
line illustrates the position of the Feshbach resonance. The hold time, τ , in
the dipole trap is varied to measure the lifetime of the molecules.
Before the molecules are associated, the Feshbach resonance has to be lo-
cated according to the techniques presented in chapters 5 and 6. After an
ultracold sample is produced, the atoms are exposed to different magnetic
fields for 500ms. The three-body recombination rate scales with a4, leading
to enhanced loss at the pole of a Feshbach resonance. The loss feature of the
resonance we use for association is presented in figure 7.2. A Lorentzian fit
results in a position of 19.89(2)G and a width of 0.10(2)G.
The experimental sequence after evaporation is presented in figure 7.3. The
magnetic field is decreased to a field just above the Feshbach resonance. The
molecules are associated during a 200mG ramp in 10ms across the reso-
nance. After the association, the dimers are in the 4g(4)-state illustrated in
figure 7.1. A ramp to 17G binds the molecules by 2MHz×h. They have a
magnetic moment of −0.9µB, which corresponds to a levitation gradient of
52G/cm compared to 31G/cm for the Cs atoms. This means the molecules
are under-levitated and fall down when the dipole trap is switched off while
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Figure 7.4: Molecule number (a) and Cs atoms to molecules conversion ef-
ficiency (b) versus PSD of the atomic sample before the association ramp.
The maximum molecule number is 2.1(1)×104 and the maximum conversion
efficiency 26(3)%. The error bars indicate the statistical uncertainties gained
from three measurements.
the atoms remain levitated. This Stern-Gerlach separation is used to isolate
the two components. Since we can not image the molecules directly, the
magnetic field is swept across the Feshbach resonance in the opposite direc-
tion to dissociate the molecules again and detect the atoms using resonant
absorption imaging.
The absolute molecule number and conversion efficiency depends on the PSD
of the atomic sample before association [185] and is presented in figure 7.4.
Here, the conversion efficiency is defined by 2Nmol/NCs initial. The maximum
molecule number is 2.1(1)× 104 coupled out of a sample of 3.28(2)× 105 Cs
atoms with a PSD of 0.20(1). The highest conversion efficiency, 26(2)%, is
observed when the molecules are coupled out of a BEC.
For further experiments, it can be advantageous to keep the molecules con-
fined in the optical dipole trap. We achieve this by small changes in the
experimental sequence visualised with dashed lines in figure 7.3. After the
association ramp, the power of the dipole trap beams is increased to 100mW
and the field gradient increased to 51G/cm. At this value, the molecules are
levitated and the atoms are pushed upwards out of the trap. Figure 7.5 shows
the trapping time of Cs2 molecules. The bottom panel shows the horizontal
width of the sample. The open circles show the expansion of an untrapped
sample and the closed squares show the width of the cloud with the dipole
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Figure 7.5: Top panel: Cs2 molecule number in the 100mW dipole trap. The
lifetime is 0.88(8) s. The bottom panel shows the horizontal width of the
cloud with (filled squares) and without (open circles) the dipole trap beams.
trap on. The constant width is an indicator that the sample is trapped.
7.3 Controlling the molecular state
Once Feshbach molecules are produced, they are coupled into the specific
state that the Feshbach resonance arises from. In the bound-state spectrum,
shown in figure 7.1, one can see that avoided level crossings between different
molecular states exist. These can be used for internal state transfer of the
molecules by changing the magnetic bias field [116]. When the magnetic field
is ramped slowly, the population is transferred adiabatically into another
state. A fast ramp has no effect on the molecules and they remain in their
initial state (see equation (2.19)).
The first avoided crossing of the 4g(4)-state is with the 6g(6)-state around
13.5G. The coupling strength between the two states is V ∼= h×150 kHz [202],
which results in a critical ramp speed r˙c ∼ 1100G/ms. The 6g(6)-state has
a magnetic moment of −1.5µB and thus the levitation gradient is 31G/cm.
The difference in magnetic moment of the two states involved in this avoided
crossing gives us the chance to apply a magnetic field gradient that over-
levitates one state and under-levitates the other one. Combined with the
fact that the atoms experience a different bias field as a function of position
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Figure 7.6: ‘Bouncing’ of Cs2 molecules. The molecules are exposed to a
gradient field of 40G/cm which under-levitates molecules in the 4g(4)-state
and over-levitates molecules in the 6g(6)-state. The molecules are oscillating
around the point in space where they experience a bias field corresponding
to the avoided crossing at 13.5G. The atoms are pushed out of the top of
the image area. The images are taken in steps of 5ms and their size is 1.3 ×
0.55mm.
due to the magnetic field gradient, this gives us the possibility to ‘bounce’
the molecular cloud, which can be seen in figure 7.6 [74]. For this experiment,
a field gradient of 40G/cm is applied and the bias field after the association
sequence set to 14.9G at the position of the optical dipole trap. Thus the
falling molecules are exposed to a magnetic bias field just below 13.5G.
During the magnetic field ramp, they are transferred into the 6g(6)-state
and thus pushed upward. Above a certain position, they are transferred
back into the 4g(4)-state for which the gradient field is not sufficiently high
to support the molecules any more, so they fall down.
The magnetic moment of the molecules is calculated from the bound-state
picture shown in figure 7.1. Here, the binding energy is given with respect
to the energy of two unbound atoms, which changes with magnetic field
according to the Breit-Rabi formula. The slope of the bound-state energy
with respect to the energy of the free atoms gives the magnetic moment of
the molecules. The magnetic moment does not change instantly, but follows
the curvature at the avoided crossing. In the left panel of figure 7.7, the
magnetic moment of a molecular sample adiabatically following the avoided
crossing between the 4g(4) and 6g(6)-state is shown.
When a magnetic field gradient of 40G/cm is applied, the molecules ex-
perience the potential presented in the right panel of figure 7.7 due to the
changing magnetic moment. We simulated the motion of a particle in this
potential using the equation
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Figure 7.7: (a): Magnetic moment versus bias field of a Cs2 dimer following
the avoided crossing between the 4g(4) and 6g(6)-state adiabatically. (b):
The potential for the Cs2 molecules for a magnetic field gradient of 40G/cm
including gravity in the vertical direction resulting from their change in mag-
netic moment with position.
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Figure 7.8: Position and shape of the molecular cloud versus time. The
motion of the molecules is simulated in a quadrupole field with a magnetic
field gradient of 40G/cm and the potential presented in figure 7.7. In the
top panel, absorption images and results of the simulation are presented. In
the two panels below, the experimental data and results of the simulation
of the cloud position and widths in the horizontal and vertical direction are
shown.
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d2z
dt2 = −
∇(µ(z) ·B(z))
m
− g,
(7.1)
where m is the mass of the molecules, g the gravitational acceleration and
z is the position in the vertical direction. Additional knowledge of the hori-
zontal potential due to the quadrupole field makes it possible to simulate the
motion of a two dimensional cloud in the gradient field. The initial spread of
molecules is caused by the Gaussian distribution of the atomic cloud before
the association and the time over which the magnetic field is swept over the
Feshbach resonance to associate the molecules. The velocity of the molecules
follow the Maxwell-Boltzmann distribution of the particles with a tempera-
ture of 60 nK. The results are presented in figure 7.8. The top panel shows
absorption images of the oscillating Cs2 cloud and the simulated model. In
the two panels below the experimental data, results of the simulation of the
cloud position and widths in the horizontal and vertical direction are shown.
During the motion, the maximum rate of change of the magnetic field is
0.134G/ms which is well below the critical ramp speed of ∼ 1100G/ms
(see equation (2.19)). Hence, the molecules are all transferred adiabatically
between the two states.
The theory agrees with the experimental results, which confirms good knowl-
edge of our trapping potential and the bound-state picture near the avoided
crossing.
7.4 Multiple outcoupling of molecules
The molecules and atoms experience a potential consisting of a dipole trap
plus a magnetic field gradient to cancel gravity. The latter has the effect
that the magnetic field the ultracold sample is exposed to, changes with
position. When the molecules fall down after their association, during the
Stern-Gerlach separation, they are exposed to a decreasing bias field. This
makes it possible to increase the bias field after the association ramp again to
a value above the Feshbach resonance at the position of the atoms but not the
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Figure 7.9: Magnetic field the trapped atoms (black) and the out-coupled
Cs2 molecules (coloured) are exposed to. The dashed line marks the position
of the Feshbach resonance. The magnetic field in the position of the atoms
can cross the Feshbach resonance without dissociating the molecules. Thus
multiple samples of molecules can be produced.
molecules. Consequently, the molecules are not dissociated and keep falling.
Another molecular sample can then be produced by sweeping across the
resonance again. This process can be repeated several times. The magnetic
field ramping sequence and the field the atoms and molecules are exposed to
are shown in figure 7.9.
The association ramp in this sequence is a magnetic field sweep from 19.96G
to 19.85G in 2.5ms. Then the field is kept at 19.85G for 4.1ms until the
molecular cloud has separated from the atoms. After this, the field at the
position of the atoms is ramped back up to 19.96G in 0.2ms. After a hold
time of 0.1ms, the field is ramped down to 19.85G in 2.7ms again to produce
another sample of molecules. This way, a pulse of Cs2 molecules is produced
every 7.1ms. Molecules were detected after up to 25 of these association
ramps (figure 7.12).
The molecule production in this sequence is not as efficient as in the single
pulse production sequence, since the ramp across the resonance is faster here
to achieve a higher repetition rate. In figure 7.10 the effect of the outcoupling
of molecules on the atomic sample is shown. With the molecule production,
the atom number decreases more rapidly. This is due to the molecules formed
from the atoms and coupled out of the atomic cloud which is shown in fig-
ure 7.11. The molecule production also increases the temperature of the
residual atoms. This happens since the molecules are formed preferentially
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Figure 7.10: Atom number (left), temperature (centre) and PSD (right) with
(closed circles) and without (open circles) molecule production versus time.
The top axis shows the number of outcoupled molecular pulses. The atomic
cloud is heated during the outcoupling, since the molecules are formed pref-
erentially from the coldest atoms. The first two samples are coupled out of
a BEC. The PSD data without molecule production is not shown since the
BEC lifetime is longer than 230ms.
from the coldest atoms in the sample and the remaining atoms rethermalise
to a higher temperature. The atomic sample is evaporated to BEC before the
outcoupling sequence to increase the total number of molecular pulses that
can be coupled out of a single atomic sample since the PSD of the atomic
cloud decreases during the sequence. The first two molecular samples are
coupled out of a Cs BEC.
In figure 7.11, the molecule number in each outcoupled pulse and the total
number of molecules coupled out of a single atomic sample are presented. The
number of molecules produced during the first association ramp is 3.7(4) ×
103. The total number of molecules produced in 24 association ramps in
one sequence is 1.55(6)× 104. Absorption images of 24 molecular pulses are
shown in figure 7.12. Since the first molecular sample is falling out of the
imaging area after 6 pulses are produced, only 6 samples are imaged at a
time. The top clouds are the Cs atoms in the dipole trap.
7.5 ‘Collision’ of two molecular samples
For this experiment, the two previously presented effects are combined. First,
two molecular clouds are coupled out of an atomic sample. After the second
outcoupling process, the magnetic bias field is ramped down to transfer the
molecules into the 6g(6)-state and the gradient field is increased to 40G/cm
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Figure 7.11: (a): Integrated number of molecules produced (black) and the
number of molecules associated in each association ramp (black). (b): Atom
number in the trap without molecule production (black) and the sum of
atoms left in the trap after molecule production and the number of atoms
converted into molecules (red). Additional trap losses during the multiple
outcoupling sequence only result from the molecule formation, since both
numbers agree. (c): Cs atoms to molecules conversion efficiency during the
multiple outcoupling sequence. The efficiency decreases faster compared to
the single pulse production (see figure 7.4), since the molecules are pref-
erentially formed from the coldest atoms and the atomic sample does not
thermalise between the molecule production ramps.
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Figure 7.12: Absorption images of the molecular samples. Only 6 pulses can
be imaged at a time since the first associated molecules fall out of the imaging
area after the corresponding time. The atomic cloud in the dipole trap can
be seen on the top of each image. We could not establish the origin of the
fragment next to the atomic cloud. The size of each image is 4.35×2.35mm.
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Figure 7.13: Bouncing and ‘collision’ of two molecular clouds. Two molecular
clouds are coupled out of one atomic sample and ‘bounce’ in a gradient field
of 40G/cm. The outcoupling and bias fields are chosen such that the two
molecular clouds ‘collide’ after 30ms time of flight.
so that they experience a force pushing them up. The trajectory of the two
clouds is shown in figure 7.13.
After the magnetic field ramp, the two clouds are pushed up. The first cloud
falls slightly further down, since it has a higher initial velocity. The second
cloud does not experience the force pushing it up for long, so it slows down
quickly after it is pushed into a region where it is exposed to a bias field
below 13.5G. At this time, the first cloud is still pushed up and the two
clouds are at the same position in the imaging axis after 30ms.
From simulations of the positions and the widths of the molecular clouds
similar to the ones presented in figure 7.8, we concluded that no interactions
between the two clouds occur. This results from the low molecular density
of ∼ 108 cm−3.
Since the two molecular clouds are coupled out of the same Cs BEC it could
be possible to observe interference between the two molecular clouds in future
experiments, similar to the interferences observed between two BECs [209].
7.6 Conclusion
We used a Feshbach resonance at ∼ 19.9G to produce 2.1(1)×104 molecules
out of a sample of 3.28(2) × 105 Cs atoms with a PSD of 0.20(1). The
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molecules were separated from the atoms using the Stern-Gerlach technique.
The molecules can be confined in the optical dipole trap where we measured
a lifetime of 0.88(8) s.
We demonstrated the control over the internal state of the molecules by
‘bouncing’ the molecules using an avoided crossing between two states at
13.5G in a magnetic field gradient of 40G/cm. This magnetic field gradient
was also used to produce multiple molecular clouds from one atomic sample.
A combination of both techniques leads to the ‘collision’ of two molecular
samples.
In the next step we use our experience gained from work with homonuclear
Cs2 molecules to produce heteronuclear 87RbCs molecules.
Chapter 8
Towards ground state polar
molecules
The following publication resulted out of the work presented in this chapter:
Production of optically trapped 87RbCs Feshbach molecules
M.P. Köppinger, D.J. McCarron, D.L. Jenkin, P.K. Molony, H.W. Cho, C.L.
Blackley, C.R. Le Sueur, J.M. Hutson and S.L. Cornish
Phys. Rev. A (2014) (to be published)
We report the production of 87RbCs Feshbach molecules in a crossed-
beam dipole trap. A mixture of 87Rb and 133Cs is cooled close to quantum
degeneracy before an interspecies Feshbach resonance at 197 G is used to
associate up to ∼ 5000 molecules with a temperature of ∼ 300 nK. The
molecules are confined in the dipole trap with a lifetime of 0.21(1) s, long
enough for future experiments exploring optical transfer to the absolute
ground state. We have measured the magnetic moment of the Feshbach
molecules in a magnetic bias field range between 181 and 185G to demon-
strate the ability to control the character of the molecular state. In addition
we have performed Feshbach spectroscopy in a field range from 0 to 1200G
and located three previously unobserved resonances at high magnetic fields.
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Figure 8.1: Top panel: The interspecies scattering length between 87Rb and
133Cs in the (f = 1,mf = +1) and (3,+3) states respectively, calculated
using the s and d basis functions, versus magnetic field. The grey shaded
area marks the range relevant to magnetoassociation. Bottom panel: The
calculated weakly bound molecular states arising from L = 0 (s-states). The
bound-state energies are plotted relative to the energy of the lowest hyperfine
state of 87Rb and 133Cs. All the bound states shown are for Mtot = 4,
corresponding to s-wave scattering in the lowest channel [210].
8.1 Overview
In this chapter, the formation of 87RbCs Feshbach molecules and spec-
troscopy on molecular states is presented. This is done to find appropriate
states with good couplings for the STIRAP transfer to the absolute ground
state of the molecules. The interspecies s-wave scattering length between
87Rb and 133Cs in their individual lowest spin channel in the experimen-
tally accessible field from 0 to 1200G is presented in the top panel of fig-
ure 8.1. Characteristic for this mixture is the large positive value of the
background scattering length of +651(10) a0 [83]. The resulting large three-
body losses make it difficult to produce a large sample of ultracold atoms at
high PSD, which is necessary for magnetoassociation [158–160]. Additionally,
the atomic mixture is immiscible if cooled to quantum degeneracy [211]. For-
tunately, the s-wave scattering length also shows a rich Feshbach spectrum
especially in the relatively low magnetic field range up to 400G. This makes it
possible to tune the interspecies collisions and magnetoassociate molecules.
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The Feshbach association and spectroscopy on the molecules presented in
this work is performed in the grey shaded magnetic field range in figure 8.1.
The bottom panel of the figure shows the bound-state energy of the 87RbCs
molecule immediately below threshold up to a binding energy of 2GHz ×h.
The bound states are labelled as |n(fRb, fCs)L(mfRb ,mfCs)〉. Here, n is the
vibrational level with respect to the associated hyperfine threshold (fRb, fCs),
where n = −1 represents the least bound state. The sum of the projection
of all angular momenta Mtot is always 4 and not specified in this expression.
In figure 8.2(c), a zoom into grey shaded area in figure 8.1 is presented.
This is the region relevant to magnetoassociation of 87RbCs molecules. In
figure 8.2(a) and (b), the two Feshbach spectroscopy loss features caused by
the interspecies Feshbach resonances at (a) 181.55(5)G and (b) 197.10(3)G
are shown.
8.2 Association of RbCs molecules
A sample with high phase-space density is needed to allow magnetoassoci-
ation of molecules [185]. The route to an ultracold mixture is described in
chapter 3 and in previous publications of our group [159, 160, 207]. After
initial cooling in the magnetic trap, the mixture of 87Rb and 133Cs is loaded
into the crossed-beam optical dipole trap by decreasing the magnetic gradient
field to 29G/cm. This happens at a temperature of∼ 40µK, where Majorana
spin flips prevent further cooling in the magnetic trap [157]. Subsequently,
RF adiabatic rapid passage is applied to transfer the atoms into their abso-
lute internal ground state, namely the (f = 1,mf = +1) and (3,+3) state
for 87Rb and 133Cs respectively [207] and the magnetic bias field is ramped
up to 22G in 18ms. At this point, 2.8(2)×106 87Rb atoms at a temperature
of 9.6(1)µK are confined in the dipole trap. The number of 133Cs atoms in
the MOT is varied to have control over the exact composition of the mixture
after evaporation. Due to their different polarisabilities for 1550 nm light, the
trap is ∼ 1.35 times deeper for 133Cs than for 87Rb [151]. This leads to di-
rect evaporation of 87Rb by decreasing the beam power while 133Cs is cooled
sympathetically. The large interspecies scattering length of +651(10) a0 sup-
ports this cooling and the two species remain in thermal equilibrium. The
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Figure 8.2: The magnetoassociation sequence. The interspecies Feshbach
resonances at (a) 181.55(5)G and (b) 197.10(3)G detected through loss in
the 133Cs atom number. (c) Top panel: The interspecies scattering length be-
tween 87Rb and 133Cs in the relevant magnetic field range. The grey shaded
areas mark the field ranges shown in (a) and (b). Bottom panel: The weakly
bound molecular states relevant to the magnetoassociation sequence calcu-
lated using the s and d basis functions. Also shown are the magnetic moments
for each bound state. Molecules are produced at the Feshbach resonance at
197.10(3)G and then transferred into the | − 2(1, 3)d(0, 3)〉 state at 181G
following the path shown by the solid black line.
Chapter 8. Towards ground state polar molecules 113
0 4 8 1 2 1 6 2 0
 
Las
er
Pow
er
T i m e  ( m s )
 
Ma
gne
tic
Gra
dien
t O f f
2 0 0  m W
O f f
O f f1 0 0  m W
4 4  G / c m2 9  G / c m
1 8 1  G
2 5 0  G / s1 9 7 . 5  G
2 2  G
 
 
Bia
s F
ield
2 1 2  G
τ
Figure 8.3: The experimental sequence for the creation, Stern-Gerlach sep-
aration and detection of Feshbach molecules. An ultracold atomic mixture
is initially created by evaporation in the dipole trap at a bias field of 22G.
Subsequently the timing sequences shown for the bias field, magnetic field
gradient and laser power in each beam of the crossed dipole trap are applied.
The horizontal dotted line indicates the position of the Feshbach resonance at
197.10(3)G used for magnetoassociation. The dashed lines show the changes
to the routine implemented to trap the atoms in the dipole trap. The hold
time, τ , in the dipole trap is varied to measure the lifetime of the molecules.
trap depth is decreased from 76µK (103µK) to 3.1µK (4.2µK) for Rb (Cs)
over 1.25 s. This leads to a mixture consisting of ∼ 1×105 atoms with a PSD
larger than 0.1 for each species, which is high enough for magnetoassociation.
The timing of the following experimental sequence is presented in figure 8.3.
The magnetic bias field is increased from 22G to 212G in 2ms. During
this ramp, several inter- and intraspecies Feshbach resonances are crossed
quickly to avoid three-body losses induced by the large scattering length in
their vicinity. When the magnetic field has settled, it is decreased to 197.5G,
a value close to the position of the Feshbach resonance (see figure 8.2(b)).
After a 3.5ms hold time, the Feshbach resonance is crossed by decreasing the
field by 0.5G in 2ms.
The resonance used for association arises from the | − 6(2, 4)d(2, 3)〉 molec-
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ular state. However, since the least bound state only has a binding en-
ergy of 110(20) kHz ×h, the molecules are transferred straight into the
| − 1(1, 3)s(1, 3)〉 state [83]. The magnetic moment to mass ratio of molecules
in this state is very similar to the individual atoms (see chapter 2.4). This
makes Stern-Gerlach separation of the molecules from the atoms impossi-
ble. Fortunately, the internal state of the molecules can be manipulated by
changing the magnetic bias field. The Landau-Zener tunnelling at avoided
crossings between different molecular states can be controlled with the ramp
speed of the magnetic field. A magnetic field ramp to 181G in 0.5ms is
used to transfer the molecules via the weak-field seeking | − 6(2, 4)d(2, 3)〉
state into the high-field seeking | − 2(1, 3)d(0, 3)〉 state. Simultaneously, the
optical dipole trap is switched off.
Molecules in this state have a magnetic moment of -0.9µB and hence have a
significantly different magnetic moment to mass ratio from the atoms. Conse-
quently, the molecules separate in the magnetic field gradient. The molecules
are completely separated from the atoms after 7ms of time-of-flight. The
path between the different states the molecules occupy is represented with a
black line in figure 8.2(c).
For imaging, the molecules are dissociated after the separation time, τ , by
crossing the Feshbach resonance in the opposite direction and the magnetic
bias field is switched off. Absorption images of the two species with a delay
of 5.01ms are then taken.
To increase the association efficiency, the time of the 0.5G ramp across the
Feshbach resonance was varied. The results, presented in figure 8.4, show that
molecule production is possible for a wide range of ramping times from∼ 1ms
to ∼ 20ms. If the ramp speed is too high, the resonance is crossed diabati-
cally (see equation (2.19)) and the population stays in the initial state. For
slow ramps the molecules are not separated from the atoms quickly enough
and losses through inelastic collisions decrease the molecule production effi-
ciency. The ramp time was set to 2ms for the following experiments, which
corresponds to a ramp speed of 250G/s.
An important factor affecting molecule production in our experiment is the
mean of the PSD of the 87Rb and 133Cs atoms before the association sequence.
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Figure 8.4: Association ramp time versus molecule production. The time for
the 0.5G ramp starting at 197.5G to a lower field during which the Fesh-
bach resonance is crossed and the molecules are associated is varied and the
molecule number detected. The absolute number of associated molecules de-
pends on the ramp speed and a high number can be observed between a ramp
time of ∼ 1ms to ∼ 20ms. The value was set to 2ms which corresponds to a
ramp speed of 250G/s. The error bars indicate the statistical uncertainties
gained from three measurements.
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Figure 8.5: Left: 87Rb and 133Cs atom number and PSD after evaporation
and before magnetoassociation versus the number of 133Cs atoms loaded into
the MOT. Right: The normalised molecule number and geometric mean
of the peak PSD (inset) of the two species before association versus 133Cs
MOT load. The conversion efficiency is larger when the PSD of both atomic
samples is high before the association process.
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The Cs atom number in the MOT is controlled by detecting the MOT flu-
orescence signal and feeding it back to control the repump light intensity.
Different Cs atom numbers in the MOT result in different compositions and
hence different PSDs of the mixture after the evaporation process.
The atom number and PSD for each species after the evaporation process
and before the association sequence for different Cs MOT loads is presented
on the left in figure 8.5. The normalised number of associated molecules
is presented in figure 8.5 on the right and the geometric mean of the peak
intensity of the two species in the inset. The atom numbers after evaporation
are very sensitive to the initial MOT load. When the Cs number in the
MOT changes by 50%, the final atom numbers and PSDs of Rb and Cs after
evaporation change by an order of magnitude. The large impact on both
species originates from the reliance on sympathetic cooling of 133Cs by 87Rb
during the evaporation.
The molecular conversion efficiency follows the geometric mean of the 87Rb
and 133Cs peak phase-space densities. The maximum molecule number pro-
duced during this measurement was ∼ 3000 from an ultracold mixture of
∼ 1 × 105 atoms of each species at a temperature of 0.1µK. To increase
the molecule number the evaporation is stopped earlier resulting in a larger
number of ∼ 2×105 atoms of each species at a temperature of 0.3µK. A max-
imum number of ∼ 5000 molecules can be produced under these conditions
which represents a conversion efficiency of ∼ 2.5%.
8.3 Optical trapping of molecules
For further experiments, it is advantageous to trap the molecular cloud to
keep it at the same position in space and at a high density. The differences
in the experimental sequence between the Stern-Gerlach separation, where
the dipole trap is switched off, is shown with dashed lines in figure 8.3. After
the magnetic bias field is ramped to 181G, the gradient field is increased to
44G/cm to levitate the molecules and the power in the dipole trap is adjusted
to a value between 200mW and 100mW. The atoms are no longer trapped
in this configuration; the remaining atoms are over-levitated and pushed out
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Figure 8.6: Absorption images of Cs and Rb after the dissociation of optically
trapped RbCs Feshbach molecules (bottom clouds), after a trapping time of
15ms. The position of the two atomic clouds are different due to the time
delay of imaging of the two species of 5.01ms. The size of each image is
1.3× 0.7mm.
from the trap, with no atoms left in the trap after 5ms (see figure 8.6).
We have measured the lifetime of the molecules in the | − 2(1, 3)d(0, 3)〉 state
at a magnetic bias field of 181G in the trap by detecting the molecule number
after different trapping times. For this experiment the molecules are confined
in a trapping potential formed by the dipole trap beams with a power of
100mW per beam and the magnetic field gradient. The results are presented
in figure 8.7. An exponential fit to the molecule number yields a lifetime
of 0.21(1)ms. This provides enough time for further experiments, such as
spectroscopy on electronically excited states of the molecules to detect an
intermediate state for the STIRAP transfer and ultimately for the STIRAP
transfer itself.
8.4 Magnetic moment of RbCs molecules
The magnetic moment of the molecules in their different states during the
magnetic field ramp between 185G and 181G is calculated from their change
in energy with magnetic bias field. The magnetic moment of the 87RbCs
molecules was measured for different magnetic bias fields. The results are
presented in figure 8.8. First, the molecules are confined in the optical dipole
trap at 181G for 50ms until they are in a steady position. Then the optical
dipole trap is switched off and the molecules are exposed to different magnetic
bias fields and magnetic field gradients. This leads to different displacements
of the molecular cloud. The magnetic field gradient to levitate the molecules
and thereby the magnetic moment of the molecules can be determined from
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Figure 8.7: Lifetime of 87RbCs molecules in the | − 2(1, 3)d(0, 3)〉 state at
181G held in the optical dipole trap. A magnetic field gradient of 44G/cm
is applied to levitate the molecules and the power in each beam of the dipole
trap is 100mW. Under these conditions, there is no trapping potential for the
atoms. The solid line shows an exponential fit to the results, which yields a
lifetime of 0.21(1) s.
these data. With the current coil configuration, only molecules in a high-field
seeking state can be levitated, thus only data for molecules with a negative
magnetic moment are taken. The excellent agreement between experiment
and theory demonstrates the ability to control the character of the molecules.
From the results presented in figure 8.9, we can derive the low-field seeking
character of the 87RbCs molecules between 182.07G and 184.48G. Here a
sample of molecules was prepared and confined in the dipole trap. Then
the molecular cloud was released from the trap and its position detected af-
ter 2ms time-of-flight in different magnetic gradients and bias fields. The
molecules in the | − 2(1, 3)d(0, 3)〉 state are levitated in a magnetic field
gradient of ∼ 44G/cm and in the | − 1(1, 3)d(1, 3)〉 state in a gradient of
∼ 30G/cm. The molecules are pushed down when they are in the high-field
seeking intermediate state. The larger the applied magnetic gradient field is,
the stronger the molecules are pushed down.
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Figure 8.8: Magnetic moment of the 87RbCs molecules as a function of the
magnetic bias field. The experimental points are determined by finding the
magnetic field gradient at which the molecules are levitated. Note the mea-
surements are restricted to magnetic moments in the high-field-seeking region
due to the current coil geometry in the experiment. The solid line is the theo-
retical prediction for the magnetic moment of the molecular states, obtained
from the binding energies of the molecules (see chapter 2.2.4) following the
magnetoassociation path shown in figure 8.2.
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Figure 8.9: Position of the molecular cloud after 2ms time of flight in a
magnetic gradient field of 30G/cm (circles), 44G/cm (squares) and 56G/cm
(triangles). The magnetic bias field is given for the initial position of the
molecular cloud in the optical dipole trap. The dark grey line represents the
evolution of the binding energy of the molecules and the states according to
figure 8.2(c). The molecules are pushed down when exposed to a magnetic
bias field between 182.07G and 184.48G since they are in a low-field seeking
state.
Chapter 8. Towards ground state polar molecules 120
8.5 Molecular spectroscopy for STIRAP
transfer
In chapter 2.6, we discussed that candidates for intermediate states for
STIRAP exist in the range between 6300 cm−1 and 6600 cm−1 above the
5S1/2 +6S1/2 threshold, which corresponds to a wavelength between 1515 nm
and 1587 nm [89, 94]. The diode laser used in the experiment covers a wide
wavelength range from 1490 to 1580 nm (chapter 4.4.3). This makes it possi-
ble to reach different vibrational levels of the electronically excited molecular
state.
At the beginning of the work for this thesis, the position of the vibrational
states was only known to a precision of a few GHz through ab initio calcula-
tions and Fourier-transform spectroscopy [103, 133] and transition strengths
between the states were not known. However, recent work from the Inns-
bruck group has resulted in much more precise positions of the electronically
excited molecular states down to a few MHz [94, 134]. These results were
used to find and identify the different vibrational states.
We performed spectroscopy on the A1Σ+–b3Π0 and on the b3Π1 potentials.
The initial molecules are in the | − 2(1, 3)d(0, 3)〉 state at 181G. The A1Σ+–
b3Π0 potential was proposed to support suitable states for the STIRAP
transfer since good Franck-Condon overlaps were predicted for both tran-
sitions [132]. However, spectroscopic work in Innsbruck has shown an unre-
solved excited hyperfine splitting of states of the A1Σ+–b3Π0 potential, which
can suppress an efficient STIRAP transfer [66]. It was proposed [212] and
measured [94], that the hyperfine splitting is larger for states with Ω = 1.
Therefore, spectroscopy was also performed on states of the b3Π1 potential.
Here, the |Ω = 1, v′ = 29〉 state is especially interesting. Usually states of
this potential do not couple to the absolute ground state due to their triplet
character. However, this state has some singlet character through coupling
to the nearby |0, 38〉 state of the A1Σ+–b3Π0 potential. This makes the
|Ω = 1, v′ = 29, J ′ = 1〉 state a candidate for the intermediate state of the
STIRAP transfer.
For the spectroscopy, the 1550 nm laser of the setup described in chapter 4.4
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Figure 8.10: Molecular loss spectroscopy on vibrational states of the A1Σ+–
b3Π0 potential. The detuning on the x-axis is given with respect to the closest
cavity mode which is used as the reference to stabilise the laser frequency.
The quoted frequency errors are due to the Lorentzian fit. The absolute
frequency of the transitions is given in table 8.1.
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Figure 8.11: Molecular loss spectroscopy on vibrational states of the b3Π1
potential. The detuning on the x-axis is given with respect to the closest
cavity mode which is used as the reference to stabilise the laser frequency.
The quoted frequency errors are due to the Lorentzian fit. The absolute
position of the transitions can be found in table 8.1. The J ′ = 2 transition
has a resolved hyperfine structure.
is used. The irradiation time and intensity are varied using an AOM such
that the loss features are not saturated or power broadened. For each mea-
surement, a sample of 87RbCs molecules in the | − 2(1, 3)d(0, 3)〉 state was
produced. After the irradiation with the spectroscopy laser, the molecules
were dissociated and imaged. The loss spectroscopy features are presented
in figure 8.10 and figure 8.11 for spectroscopy on the A1Σ+–b3Π0 poten-
tial and the b3Π1 potential, respectively. On the x-axis, the detuning from
the closest cavity resonance is given. The spectroscopy laser is locked to
this resonance and shifted by a given frequency using a fibre-coupled EOM
(see chapter 4.4.3). The errors in frequency given here are only due to the
Lorentzian fit. The error on the absolute position of the transitions is deter-
mined by the error on the wavemeter reading, which is 20MHz. The positions
of all investigated transitions are given in table 8.1. The widths of the res-
onances due to states in the b3Π1 potential are narrower than widths of the
mixed A1Σ+–b3Π0 potential. This is due to different coupling strengths to
the ground state potential. The resonances are wider for states with good
coupling since the lifetime is shorter in these states. Resonances associated
with the b3Π1 potential are narrower, as expected due to their more dominant
triplet character.
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Ω v′ J ′ Laser Eexp (cm−1)
Previous Work [134]
Frequency (GHz) Ecalc(cm−1) Eexp(cm−1)
0+
35 1 190789.15(2) 6364.041(1) 6364.04 6364.031(2)
37 1 191826.63(2) 6398.658(1) 6398.67 6398.663(2)
38 1 192556.42(2) 6422.973(1) 6422.97 6422.986(2)
38 3 192556.81(2) 6423.115(1) 6423.114(2)†
1
29 1 192572.09(2) 6423.501(1) 6423.07 6423.501(2)
29 2 192576.25(2) 6423.584(1) 6423.583(2)†
29 3 192579.26(2) 6423.684(1) 6423.682(2)†
Table 8.1: Position of several rotational levels J ′ of the A1Σ+–b3Π0 and
the b3Π1 potential. The laser frequencies to drive the transition from the
| − 2(1, 3)d(0, 3)〉 Feshbach state at 181G. The following transition energies
are corrected for the Zeeman shift and give the value for zero magnetic field.
The quoted errors are due to the precision of the wavemeter. Data marked
with † are extracted from figure 3 of [134].
From equation (4.1), we know that it is advantageous to drive the STIRAP
transitions with large Rabi frequencies to minimise negative influences from
laser frequency fluctuations. Thus it is important to know the Rabi fre-
quency that the STIRAP transitions are driven with. To determine the Rabi
frequency and optimise the alignment of the STIRAP laser beams, we mea-
sured the loss rate of the molecules when exposed to resonant light. The
Rabi frequency, ΩP, can be calculated by fitting the function [94]
N = N0 exp
(
−tirrΩ
2
P
γ
)
, (8.1)
to the exponential decay of the molecule number. Here, tirr is the irradiation
time of resonant light and γ the linewidth of the transition. We used the
|v′ = 35, J ′ = 1〉 state to align the focus of the laser beam by minimising the
lifetime of the molecules in the trap under exposure of 11mW of resonant
light. The final decay curve is presented in figure 8.12. The fit results in a
Rabi frequency of ΩP = 116(6) kHz.
From a scan across the position of the cloud we deduce a beam size of
53(7)µm in the horizontal, and 60(8)µm in the vertical direction at the po-
sition of the molecular cloud. Together with the beam power of 11mW this
results in an intensity of I = 2P/piw20 = 220(40)W/cm2 for the spectroscopy
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Figure 8.12: Lifetime of the Feshbach molecules in the presence of resonant
light. Here, the transition to the |v′ = 35, J ′ = 1〉 state is driven. The laser
power is 11mW, corresponding to an intensity of 220(40)W/cm2. A Rabi
frequency of ΩP = 116(6) kHz can be derived from the fit according to equa-
tion (8.1).
beam. From this follows the normalised Rabi frequency for this transition of
0.25(5) kHz/
√
mW/cm2. This value is close to the previously published nor-
malised Rabi frequency for this transition of 0.32(5) kHz/
√
mW/cm2 [134].
Next, two-photon spectroscopy [109, 213] is performed to identify the ex-
act laser frequency needed for the second transition of the STIRAP, which
allows the electronically excited state to be coupled to the rovibrational
ground state of the molecule. The binding energy of the lowest rovibra-
tional level of the X1Σ+ ground state is already known and measured
to be 3811.5755(16) cm−1 [94].
In equations (2.25) and (2.26), we have seen that an eigenstate cos θ|1〉 −
sin θ|3〉, where tan θ = ΩP(t)/ΩS(t) exists when the two-photon detuning is
zero. When ΩS  ΩP, the eigenstate is |1〉 and thus, no loss can be observed
under these conditions [214].
For the spectroscopy, the pump laser is kept on resonance with an elec-
tronically excited state, while the Stokes laser is scanned. We use the
|Ω = 1, v′ = 29, J ′ = 1〉 level as the intermediate state, since previous mea-
surements have shown a good coupling between this state and the rovibra-
tional ground state |v′′ = 0, J ′′ = 0〉 [94]. For the measurement presented in
figure8.13(a), the power of both lasers is 4mW. The Stokes laser is switched
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Figure 8.13: (a): 87RbCs two-photon spectroscopy on the rovibrational
ground state of 87RbCs. The pump laser frequency is fixed to the transition
to the electronically excited |v′ = 29, J ′ = 1〉 level, while the Stokes laser is
scanned. Molecules are detected when the two-photon detuning is zero. The
quoted frequency errors are due to the Lorentzian fit. The laser frequency of
the Stokes laser on resonance is 306830.43(2)GHz. (b): Both lasers are on
transition and the power in the Stokes laser is varied.
on 200µs before the molecules are exposed to both laser fields simultaneously
for 800µs. After this period of time, the Stokes laser is switched on for an
additional 200µs.
On resonance, the frequencies of the two lasers are νP = 192572.09(2)GHz
and νS = 306830.43(2)GHz and their difference is 114258.34(3)GHz. Tak-
ing the Zeeman shift at 181G (0.327GHz) and the energy spacing of the
atomic ground states (9.443GHz) into account, the binding energy at zero
field and with respect to the centre of gravity of the hyperfine manifold is
114268.11(3)GHz or 3811.574(1) cm−1. The quoted error is due to the preci-
sion of the wavemeter. This measurement confirms the previously measured
binding energy of the rovibrational ground state of 3811.5755(16) cm−1 by
Debatin et al. [94].
8.6 Conclusion
We are able to produce up to ∼ 5000 87RbCs Feshbach molecules using a
Feshbach resonance at 197.1G. The molecules can be transferred into differ-
ent states by changing the magnetic bias field. This technique was tested by
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measuring the magnetic moment of the molecules at different magnetic bias
fields (e.g. in different states). We loaded the molecules into an optical dipole
trap where a lifetime of 0.21(1) s was measured, long enough to allow STI-
RAP transfer to the rovibrational ground state. Molecule loss spectroscopy
on electronically excited states with mixed singlet and triplet character was
performed and candidates for intermediate states for the STIRAP transfer
were detected. These loss signals were used to optimise the alignment of the
two STIRAP beams onto the molecular cloud. Following this, two-photon
spectroscopy on the rovibrational ground state was performed and we mea-
sured the binding energy of this state to be 3811.574(1) cm−1.
The molecule association efficiency in this experiment is lower than 10%
and thus lower than in the case of Cs2 presented in the previous chapter.
Magnetoassociation from a BEC, which would increase the efficiency, is not
possible in a mixture of 87Rb and Cs due to the immiscibility of the quan-
tum degenerate mixture [160]. Additionally, the large interspecies scattering
length leads to large three-body losses at a high PSD close to degeneracy.
Thus, a slightly higher association efficiency of 10% can be achieved when the
molecules are coupled out of a sample close to degeneracy, but the absolute
molecule number is smaller due to previous atom losses. To circumvent the
problem of high losses and increase the association efficiency, the atoms can
be loaded into an optical lattice and the molecules formed from a two-species
Mott-insulator state [80, 215].
Chapter 9
Conclusion and outlook
9.1 Summary
In this thesis we have presented the results on our work on single species
and two species mixture experiments involving 85Rb, 87Rb and 133Cs. The
various interspecies and intraspecies s-wave scattering lengths resulting from
this work are presented in figure 9.1.
We have investigated the interactions in a mixture of 85Rb and 133Cs in their
individual lowest hyperfine state. In contrast to the large interspecies scat-
tering length between 87Rb and 133Cs, the interspecies scattering length in
this mixture is close to zero over a wide magnetic field range. This can lead to
efficient cooling of both species without suffering from high interspecies three-
body collisions. We detected several narrow interspecies Feshbach resonances
in an easily accessible magnetic field range which are possible candidates for
magnetoassociation. Two wide resonances at 112.6(4)G and 641.8(3)G can
be used to precisely control the interactions of the mixture and open the pos-
sibility to study Efimov physics in a heteronuclear system. Unfortunately,
the highest achievable PSD of the mixture in our apparatus was 0.059(4)
for 85Rb and 0.041(4) for 133Cs and thus not sufficiently high for magnetoas-
sociation. However, since this mixture seems promising for the production
of ultracold molecules in the future, this motivated us to establish a good
understanding of the scattering properties of the constituent species. While
the scattering properties of Cs have been extensively studied already [110],
127
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Figure 9.1: All intra- and interspecies scattering lengths relevant for the work
presented in this thesis. The s-wave scattering lengths are given for collisions
between the atoms in their individual absolute ground states.
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previous work with 85Rb has only focussed on a broad Feshbach resonance
at 155G in the (2,−2) state.
We explored the scattering properties of 85Rb in the (2,−2) state to a mag-
netic field range up to 1000G and expanded the investigation to the (2,+2)
absolute ground state in the same field range. Here, we have found numer-
ous narrow and broad Feshbach resonances. A broad resonance in the (2,+2)
state offers the possibility to tune the scattering length to a positive value
and offers the prospect of BEC formation in the absolute internal ground
state. We have also detected one Feshbach resonance in a spin mixture of
85Rb in the (2,+2) and (3,+3) states.
Before the production of dimers from 87Rb and 133Cs, we first tested the mag-
netoassociation ramp sequence with Cs2. We used a Feshbach resonance at
∼ 19.9G to produce 2.1(1)×104 molecules out of a sample of 3.28(2)×105 Cs
atoms with a PSD of 0.20(1). The molecules were separated from the atoms
using the Stern-Gerlach technique. The molecules can be confined in the
optical dipole trap, where we measured a lifetime of 0.88(8) s. Subsequently,
we were able to control the molecular state using magnetic field ramps.
Molecules falling out of the trap experienced a decreasing magnetic bias field
due to the magnetic field gradient. This led to ‘bouncing’ of the molecules
around a bias field of 13.5G at a gradient of 40G/cm. Furthermore, the
production of multiple molecular samples was possible due to the magnetic
field gradient. A combination of both techniques led to the ‘collision’ of two
molecular samples.
Following this, we used our experience gained from work on the Cs2 dimers
to produce up to ∼ 5000 heteronuclear 87RbCs molecules using a Feshbach
resonance at 197.1G and confined them in the optical dipole trap with a
lifetime of 0.21(1) s. We measured the magnetic moment of the molecules in
different states between 181G and 185G.
We built the experimental setup required for the STIRAP transfer. This is
based on two diode lasers locked to an ultra-low-expansion cavity using the
PDH technique. The wavelengths of the two STIRAP transitions is ∼ 980 nm
and ∼ 1556nm. Using this setup molecule loss spectroscopy on electronically
excited states with mixed singlet and triplet character was performed and
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Figure 9.2: Electrodes to induce an electric dipole moment in the 87RbCs
molecules. The mounts are designed so they can be mounted into the existing
magnetic coil mounts and no laser beams are blocked.
candidates for intermediate states for the STIRAP transfer were detected.
The detection of the same transition several times over 5 months resulted
in a drift relative to the closest cavity resonance of 800 kHz. This promises
a good long-term stability for future STIRAP experiments. Two-photon
spectroscopy on the rovibrational ground state was performed and resulted
in a binding energy of this state of 3811.574(1) cm−1.
9.2 Outlook
9.2.1 The 87RbCs ground state
The electric dipole moment of the rovibrational ground state of the 87RbCs
molecule can be measured by detecting a shift in its energy due to the Stark
effect. To induce a dipole moment, electrodes presented in figure 9.2 were
designed. They are made from wire with a 2mm diameter and run 22mm
parallel to the UHV glass cell. The mounts are designed so that existing
beams are not blocked and such that they can be fixed in the magnetic coil
mounts. The electrodes are driven with two SRS PS350 high voltage power
supplies which can provide up to ±5 kV.
By applying ±4 kV to the electrodes, an electric field of 1 kV/cm at the
position of the molecules can be produced. From the left panel of figure 9.3
we can read out that the induced dipole moment at this field is ∼ 0.45D.
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Figure 9.3: Electric dipole moment (a) and Stark shift (b) of the rovibrational
ground state of 87RbCs versus external electric field [216].
To determine the electric dipole moment experimentally, the Stark shift of
the ground state will be measured [214]. The expected shift is presented
in the right panel of figure 9.3. For an electric field of 1 kV/cm, a shift of
80MHz is predicted. Subsequently, the molecules will be transferred into
their rovibrational ground state using STIRAP.
9.2.2 85Rb BEC
Degeneracy of 85Rb atoms has not been reached in this experiment due to a
drop in evaporation efficiency at high PSD. At this stage, high background
two-body and inelastic three-body collisions lead to trap loss. This effect has
been observed previously in this system [188]. In another experiment within
our group, a 85Rb BEC has been created [186]. The main difference in this
experiment is a larger trapping volume formed by dipole trap beams with
a waist of 136µm, leading to trapping frequencies by a factor of two lower
than in our experiment. Additionally, the initial number is a factor of two
larger in the other experiment.
To produce a 85Rb BEC in our setup, a new optical dipole trap will be im-
plemented. To create a trap with larger depth, a bow-tie design is chosen
where the power is re-used. A 50W IPG Photonics YLR-50-LP fibre laser
with a wavelength of 1070 nm will be used. This laser provides more power
compared to the one currently used and the polarisability of the atoms is
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larger at 1070 nm than the 1550 nm of the current laser [151] . The polaris-
ability at 1070 nm compared to 1550 nm is larger by a factor of two for Cs
and a factor of 1.6 for Rb. Thus the trap will be 1.7 times deeper for Cs than
for Rb. With this setup beam waists of ∼ 160µm can be realised, capable
of producing the same maximum trap depth as in the current setup. This
should make the production of a 85Rb BEC possible in the future.
So far, degeneracy in 85Rb was only achieved in the (2,−2) state. Our work
has shown that a broad Feshbach resonance exists in the (2,+2) state at
851G, which offers the possibility to tune the scattering length to a positive
value. This makes evaporative cooling without two-body loss possible and
offers the prospect of BEC formation in the absolute internal ground state.
9.2.3 85RbCs molecules
During the course of this work, we studied the interactions between 85Rb and
Cs. Their small interspecies scattering length is promising for further experi-
ments including the production of ultracold 85RbCs molecules. However, the
maximum PSD reached in the current setup is not high enough to perform
magnetoassociation. We hope that a higher PSD mixture can be produced
with the new optical dipole trap described in the previous section.
The 87RbCs molecule production suffers from a small efficiency of ∼ 3%.
The small interactions between 85Rb and 133Cs can make it possible to load
both species into an optical lattice simultaneously. The efficiency of the
magnetoassociation can be significantly increased by association from a Mott-
insulator phase [217, 218], where one atom of each species occupies each
lattice site [215]. We hope that using this technique, a larger sample of
molecules can be produced than in the case of 87RbCs.
9.2.4 Concluding Remarks
This work represents our part of the pursuit to find a good way to produce
an ultracold sample of polar molecules. Many groups around the world are
working on different techniques and molecules to achieve this goal. The com-
bination of magnetoassociation and STIRAP transfer proved to be successful
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in a mixture of K and Rb. But since different molecular samples can show
very different behaviours when, for example, exposed to an electric field, it
is important to investigate the properties of as many different molecules as
possible. This project was planned as a 87RbCs experiment and we are close
to success with the production of a polar sample. However, it was also impor-
tant that we did not just followed the initial plan but started working on the
85Rb–Cs mixture as well. Interestingly, the interactions changed completely
by changing the Rb isotope. This makes it possible to work on two different
mixtures in this experiment with completely different behaviour, and maybe
one of these mixtures will open the door to all the exciting experiments pro-
posed for ultracold polar molecules.
Part I
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Appendix A
Molecular quantum numbers
The assignment of angular momenta for diatomic molecules consisting of the
atoms a and b following [219] is
L Electronic orbital angular momentum; ~L = ~la + ~lb.
S Electronic spin angular momentum; ~S = ~sa + ~sb.
J Total angular momentum; ~J = ~L+ ~S + ~R.
N Total angular momentum excluding electron spin; ~N = ~J − ~S.
R Rotational angular momentum of the nuclei; ~R = ~N − ~L.
I Nuclear spin angular momentum.
The molecular states are described by the term symbol
2S+1Λ(+/−)Ω,(g/u), (A.1)
where Λ is the projection of ~L to the internuclear axis and Ω = Λ + Σ as Σ
is the projection of ~S to the internuclear axis. The parity, described by g/u,
takes the inversion symmetry of the wave function relative to the centre of
charge of homonuclear molecules into account. The symmetry of the wave
function along the internuclear axis is represented by ±.
Due to the cylindrical symmetry along the internuclear axis, different cou-
plings between the angular moments in a diatomic atom can arise which are
135
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Figure A.1: Coupling of the angular momenta in diatomic molecules accord-
ing to Hund’s cases (a) and (c), relevant to describe the RbCs molecule.
described by Hund’s coupling cases [220]. A total of five coupling cases ex-
ist. However, in real molecules, a superposition of the cases always emerges.
Here, only the cases (a) and (c), relevant for the description of the RbCs
molecule are described and visualised in figure A.1.
Hund’s coupling case (a)
The orbital angular momentum ~L strongly couples to the internuclear axis
by electrostatic forces. The electron spin angular momentum ~S is strongly
coupled to ~L through spin-orbit coupling. The projections of ~L and ~S to the
internuclear axis are Λ and Σ respectively and their sum is Ω = Λ + Σ. The
rotational angular momentum of the nuclei ~R is coupled to Ω and together
they form the total angular momentum ~J . The projections of ~L and ~S
onto the internuclear axis can have the magnitudes ±Λ and ±Σ since the
precession about the internuclear axis has two equal and opposite senses.
This leads to two senses, ±Ω, of the projection of the electronic angular
momentum. This leads to the Λ- and Ω-doubling. Good quantum numbers
are Λ, S,Σ, J,Ω.
Hund’s coupling case (c)
In this case, the coupling between ~L and ~S is stronger than the interaction
with the internuclear axis. Here, the projections Λ and Σ are not defined but
~L and ~S are coupled and form Ja. The projection of Ja to the internuclear
axis is Ω which couples to the rotational momentum ~R and forms the total
momentum ~J . For Ω 6= 0 degenerate states exist for a non-rotating molecule.
This degeneracy, removed by rotation, is called Ω-doubling. Good quantum
numbers are (Ja,Ω, J).
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